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ABSTRACT 
Background: India has the highest number of undernourished children worldwide. 
Understanding trends, predictors, and consequences of child undernutrition is important 
to inform strategy for addressing this public health crisis. 
Methods: We used data from four National Family Health Surveys (1992-93, 1998-99, 
2005-6, 2015-16 NFHS) to examine trends of undernutrition before and after the 2005 
implementation of the National Rural Health Mission, India’s flagship public health 
initiative (Aim 1). We used the 2016 NFHS to build a predictive model that identifies 
infants at-risk for child undernutrition (Aim 2). Lastly, we used data from the 2005 and 
2012 India Human Development Surveys to investigate the consequences of early 
childhood undernutrition (Aim 3).  
Results: NRHM was more effective at addressing acute than chronic undernutrition but 
its prioritization on high focus states resulted in an increase of acute undernutrition 
among children living in normal focus states. We demonstrate that it is feasible to predict 
5-year risk of child undernutrition at the time of birth. Child undernutrition is associated 
with adverse physical and cognitive outcomes during pre-adolescent years, with female 
undernourished children experiencing the worst outcomes. Higher female education in 
the household helps overcome gender and nutrition-based disadvantage among Indian 
children. 
Conclusion: There is an urgent need to reduce nutrition-related disparities among Indian 
children. Short-term strategy could include a predictive model that can be used to more 
effectively provide resources and intervention to the most disadvantaged population. 
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Long term strategy should focus on elevating women’s status through improved female 
education in India. 
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CHAPTER I: 
INTRODUCTION 
Definition of Child Undernutrition 
Human growth during early childhood is dependent on the net nutritional intake 
of the child.1–3 Landmark longitudinal studies investigating growth and development of 
children of diverse backgrounds in multiple countries suggest that weight or height of 
children for a given age and sex are similar across different populations in the first five 
years of life, if appropriate nutrition and health is provided to the mother-infant dyad.4–6 
This observation has informed the development of global reference curves by the World 
Health Organization (WHO) and classification of different terms to describe 
anthropometric abnormalities.5–9  
The WHO growth reference curves are used to calculate height-for-age (HAZ), 
weight-for-age (WAZ), and weight-for-height (WHZ) z scores for deviation from the 
mean and a child is considered to be stunted, underweight, or wasted, respectively, if the 
z-score is below -2 corresponding to a > 97% probability of being lesser than the mean.5,6 
Deficits in height-for-age score reflect suboptimal linear growth and may be attributable 
to long-term, cumulative shortcomings of health and/or nutrition. In contrast, a low 
weight-for-height z score is more indicative of recent episode of severe weight loss due to 
acute food insecurity or severe disease. It is also possible to simultaneously have a low 
height-for-age and weight-for-height z score, especially among socioeconomically 
disadvantaged populations.  
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Low weight-for-age is influenced by both chronic and acute processes, making it 
difficult to derive actionable interpretation. Although weight-for-age score is the 
arithmetic multiplication of weight-for-height and height-for-age score, it does not 
capture the combined prevalence of both deficits. It is possible for a child to be wasted or 
stunted but not underweight. Similarly, a child could be underweight but not be stunted or 
wasted. Therefore, underweight is a poor indicator for combined (chronic and acute) 
nutritional status. Instead, a new indicator called Composite Index of Anthropometric 
Failure (CIAF) is more suitable because it considers a child to be in anthropometric 
failure if either the height-for-age, weight-for-height, or weight-for-age Z score is below -
2.10–13  
Framework of Child Undernutrition and Development 
In 2013, the World Health Organization’s Maternal and Child Undernutrition 
Study Group proposed an evidence-based framework for optimum fetal and child 
nutrition and development (Figure 1.1).14 This model recognized the multifactorial 
determinants of child undernutrition and development. In addition to emphasizing 
proximal factors such as infant and young child feeding practices of early and exclusive 
breastfeeding in the first six months of life, appropriate introduction of complementary 
feeding, micronutrient fortified food, and nutritional rehabilitation during illness, the 
model also highlighted distal determinants that prevent undernutrition by lowering the 
burden of infectious diseases i.e. proper immunization, safe and hygienic environment, 
and healthcare access. The framework also recognized the importance of women’s status, 
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social safety net services, and improved economic opportunities for impacting child 
undernutrition. The research questions investigated as part of this dissertation were 
informed by this framework to identify opportunities for improving child undernutrition 
in India. 
Child Undernutrition in India 
India is at the epicenter of child undernutrition; At least one of every three Indian 
children under the age of five is undernourished, representing a quarter of the total global 
burden, and more than the entire sub-Saharan African region combined.14–16 Worldwide, 
child undernutrition is responsible for 45% of deaths among children under five,15,17,18 is 
associated with adverse health consequences throughout the life course,19–21 and can 
significantly reduce a nation’s economic growth.22  Despite impressive economic growth 
in this country, and efforts of the Indian government to improve child health by 
increasing healthcare infrastructure for pregnant women and newborns under the 2005 
National Rural Health Mission (NRHM) program,23–26 recent estimates suggest only 
minimal improvement of child undernutrition.16,27,28 Growth, productivity, quality of life 
and life expectancy of Indians are all limited by persistent child undernutrition. 
Our current understanding of the magnitude and impact of child undernutrition in 
India has three significant gaps that are addressed in this dissertation. First, it is primarily 
based on outdated data collected in 2005 or before, predating the national emphasis on 
maternal and child health that was spurred by the declaration of the millennium 
development goals by the WHO.23–26,32,33 Multiple investigations of the spatial 
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distribution of child undernutrition using datasets from 2005 or earlier found more than 
two-fold differences in its prevalence across different states in India, particularly in 
central and eastern India.16,30–32 Prior to this work, the national and regional governmental 
expenditure among the regions with high burden of undernutrition was substantially 
lower than other regions of the country.33 Therefore, the Indian government identified 18 
states as high priority leading to their receipt of additional funding and support to 
improve child health during the implementation of 2005 NRHM policy. In 2005, India 
implemented the NRHM program, which focused on increasing healthcare infrastructure 
in these 18 states.23,24,34 The mission document of the NRHM stated its objective was to 
“improve the availability of and access to quality health care by people, especially for 
those residing in rural areas, the poor, women and children.”23 The Indian government 
has expanded the NRHM beyond 18 states and has continued to launch new programs 
using the implementation framework established under the NRHM (Figure 1.2). 
However, there has been no empirical evaluation of the impact of the NRHM on child 
undernutrition at a national level.  
Second, observational studies of the risk factors for child undernutrition have 
found individual, household, and community level influences on child undernutrition but 
have not identified any actionable recommendations that align with public policy nor 
influenced public health practice.16,27,30,32,35–37 Interestingly, many of these studies have 
come to different, and, often, contradictory conclusions despite using the same data 
source. 16,27,30,32,35–37 As an example, one analysis of child undernutrition using data from 
2005 United States Agency for International Development (USAID) sponsored National 
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Family Health Survey (NFHS) found that water and sanitation hygiene factors were not 
good predictors,16 while, a separate investigation using the same data source but different 
model specifications found a very strong link.37 A lack of a framework-based, systematic 
approach for model building and failure to account for complex relationship among 
multiple levels of factors may account for these inconsistencies.38 Moreover, these results 
do not present a tangible way forward for addressing child undernutrition in India.  
Third, there is limited evidence about the consequences of child undernutrition 
within the Indian context15,19–21,39 Small community-based studies and anthropological 
assessments have highlighted the importance of understanding the role of gender and 
female autonomy in understanding disparities in child development, however there is 
little published quantitative data in this area at a national level.39–42  There is a need for 
quantifying the magnitude of these potential consequences of child undernutrition within 
the Indian social, economic, and political context to identify opportunities for adapting 
existing programs and interventions to more effectively prevent adverse sequelae of child 
undernutrition.  Additionally, female gender and women’s autonomy for decision-making 
has been suggested to play a significant role in the use of healthcare services and 
development of children.39–42 Researchers and leaders working to address child 
undernutrition in India have long acknowledged the crucial role of social determinants in 
child undernutrition and its consequences.27,42 However, the magnitude of the influence 
exerted by these factors on the link between child undernutrition and its adverse 
consequences have not been quantitatively described.  
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Specific Aims 
This dissertation investigated the trends, predictors, and consequences of child 
undernutrition in India. This work was undertaken to 1) understand the impact of the 
2005 NRHM on child undernutrition, 2) identify a novel strategy to predict and address 
child undernutrition, 3) understand the consequences of child undernutrition during later 
years and whether those consequences differ by child sex and other sociodemographic 
characteristics. 
Aim 1: Examine the trends of undernutrition among children in India during the study 
period (1992 to 2015): 
• Assess trends in chronic, acute, and overall child undernutrition in India over the 
study period (1992 to 2015) 
Hypothesis: Prevalence of all forms of child undernutrition decreased over time  
• Evaluate differences in trends of chronic, acute, and overall child undernutrition 
before (1992 to 2005) and after (2005 to 2015) the implementation of the NRHM 
Hypothesis: Prevalence of all forms of child undernutrition declined at a faster 
rate after the implementation of the NRHM 
• Evaluate differences of differences in trends of chronic, acute, and overall child 
undernutrition before and after the implementation of the NRHM based on the 
priority status of the states 
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Hypothesis: In comparison to normal focus states, prevalence of all forms of child 
undernutrition declined at a faster rate after the implementation of the NRHM 
among the high focus states 
• Examine trends in disparities for chronic, acute, and overall child undernutrition 
based on household wealth, maternal education, location of residence, household 
caste, and child sex 
Hypothesis: Disparities in the prevalence of all forms of child undernutrition 
declined, especially among high focus states after the implementation of the 
NRHM 
Aim 2: Identify risk factors for child undernutrition that can inform a public health 
strategy 
• Develop a predictive algorithm that can identify infants at-risk for child 
undernutrition at the time of childbirth 
Hypothesis: It is feasible to use survey-based data for variables that can be 
collected at the time of delivery to build a model that predicts the probability of a 
child to be undernourished during the first five years of life 
• Evaluate the performance of a predictive algorithm for child undernutrition 
Hypothesis: The model has reasonable ability to discriminate between cases and 
non-cases and accurately classify cases as cases and non-cases as non-cases 
• Assess the ability of the algorithm to predict child undernutrition across different 
subpopulations  
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Hypothesis: The algorithm performs consistently across all age, sex, and 
location-based subgroups of Indian children 
   
Aim 3: Investigate the consequences of child undernutrition (≤ 5 years in 2004-05) on 
outcomes during pre-adolescence (8-11 years in 2011-12) 
• Determine the association between child undernutrition and physical growth as 
well as cognitive ability during pre-adolescent years 
Hypothesis: Child undernutrition adversely affects pre-adolescent physical 
growth and cognitive ability 
• Assess whether the association between child undernutrition and pre-adolescent 
outcomes changes based on child sex and other sociodemographic characteristics 
Hypothesis: Children who were undernourished and disadvantaged were more 
likely to experience adverse pre-adolescent outcomes 
• Assess whether the association between child undernutrition and pre-adolescent 
changes based on other sociodemographic characteristics differentially for male 
and female children 
Hypothesis: The interaction between child undernutrition and socioeconomic 
disadvantage for adverse pre-adolescent outcomes was higher among female 
children 
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Overview of Data Sources 
 National Family Health Surveys (Aims 1 and 2): The National Family Health 
Surveys (NFHS) were conducted in 1992-93 (NFHS-I), 1998-99 (NFHS-2), 2005-06 
(NFHS-3), and 2015-16 (NFHS-4) through a multi-institutional partnership between 
United States Agency for International Development, Macro International, Maryland, 
USA, International Institute for Population Sciences, Mumbai, India, and the Ministry of 
Health and Family Welfare within the Indian government.43–46 NFHS-3 and NFHS-4 
were also supported by Bill and Melinda Gates Foundation, United Kingdom’s 
Department for International Development, and the United Nations International 
Children’s Emergency Fund (UNICEF). The participating households in each survey 
were randomly selected using a complex sampling strategy to derive a nationally 
representative sample set that allowed for estimation at the state level, except for NFHS-4 
that was powered to estimate indicators at the district level. Standardized questionnaires 
were administered after rigorous training of the research staff based on the protocol 
developed by the USAID and Macro International and deployed in more than 90 other 
low and middle-income countries under the name of the Demographic and Health 
Surveys. Because of its rigorous methodology and quality assurance verification, NFHS 
is considered the gold standard source for quantifying health indicators and its trends in 
India. In fact, Indian national government in India also relies on NFHS data for 
policymaking.  
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India Human Development Surveys (Aim 3): The India Human Development 
Surveys (IHDS) were conducted in 2004-5 (IHDS-I) and 2011-12 (IHDS-II).47,48 IHDS-I 
and II are nationally representative datasets from India collected through a collaboration 
between researchers from University of Maryland and the National Council of Applied 
Economic Research in India. The surveys were spread across 33 states spanning 383 
districts, 971 urban blocks and 1503 villages. Blocks of 150-200 households were 
randomly selected with help from the Registrar General of India and a random sample of 
15 households were selected per block. IHDS-II sample consists of 42,154 households, of 
which 34,621 were also surveyed in IHDS-I. The re-contact rate was over 90% in rural 
areas and 72% in urban areas. IHDS-I and IHDS-II surveys used the same questionnaires, 
facilitating an assessment of changes between the two surveys. 
The IHDS dataset is publicly available and was downloaded through the Inter-
university Consortium for Political and Social Research.49,50 The IHDS dataset is the only 
source for anthropometric, dietary intake, household income and expenditure, and public 
program utilization data for India. It is also the largest source of panel data for children in 
India. Data collected in IHDS contains detailed information on maternal and child health 
including reproductive history, prenatal care, breastfeeding practices, and newborn care; 
household characteristics including socioeconomic status, expenditure, dietary diversity, 
and water and sanitation hygiene; and community level factors such as economic, 
healthcare, and social capital. IHDS measured height and weight of all children under the 
age of five, children aged 8-11, and all married women of reproductive age. IHDS 
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conducted a detailed survey of healthcare and educational facilities in each of the 
sampling block. 
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CHAPTER II:  
TRENDS IN CHILD UNDERNUTRITION IN INDIA FROM 1992 – 2015: HAVE 
HIGH-PRIORITY STATES FARED BETTER AFTER THE IMPLEMENTATION 
OF THE NATIONAL RURAL HEALTH MISSION? 
 
ABSTRACT 
Background: India launched the National Rural Health Mission (NRHM) in 2005 to 
strengthen its primary healthcare system in high focus and northeast focus states. The 
NRHM also developed a workforce of frontline healthcare workers to promote Maternal 
and Child Health. As India expands its efforts to improve child nutrition across the 
nation, we evaluated the impact of the NRHM on the prevalence of child undernutrition.  
Data and Methods: We used data from 1992, 1998, 2005, and 2015 National Family 
Health Surveys of India to evaluate trends in child undernutrition before (1992-2005) and 
after the implementation of the NRHM (2005-2015). We compared differences in trends 
across different categories of focus states as determined by the Indian government. We 
considered three indicators to characterize different types of undernutrition: stunting for 
chronic, wasting for acute, and a Composite Index of Anthropometric Failure (CIAF) for 
overall burden of undernutrition. Inverse logit transformation of results from 
multivariable logistic regression models of pooled data were used to estimate average 
annualized reduction rates (AARR). Trends in socioeconomic disparities were examined 
Chapter II 28 
 
 
using prevalence ratios between extreme categories of strata for wealth, maternal 
education, caste, rural-urban residence, and child gender. 
Results: From 1992 to 2015, the prevalence of chronic, acute, and overall undernutrition 
decreased with chronic undernutrition decreasing more rapidly after the implementation 
of the NRHM while acute undernutrition prevalence increased during the same period. 
However, these trends differed by state subgroups. Acute undernutrition declined more 
rapidly after the implementation of NRHM among the states that were prioritized under 
the NRHM while increasing by 1.9%/year in normal focus states during the same period 
(p <0.01). On the other hand, the prevalence of chronic undernutrition declined more 
rapidly during the post-NRHM period in the normal focus states in comparison to high 
focus states (p = 0.01). Socioeconomic disparities in chronic undernutrition increased 
irrespective of the NRHM implementation while disparities in acute undernutrition 
diminished but did not disappear after the implementation of the NRHM.  
Conclusion: Our results suggests that NRHM policies might be more effective in 
addressing acute rather than chronic undernutrition. Strategies to combat chronic and 
overall undernutrition in high focus states are needed in the context of rising 
socioeconomic disparities. 
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INTRODUCTION 
In 2016, one in four children less than 5 years old (~155 million) worldwide 
experienced stunted growth, an indicator of chronic and intergenerational undernutrition, 
and approximately one in 10 (~52 million) suffered from wasting, an indicator of acute 
undernutrition.51 Child undernutrition remains a serious public health problem, especially 
in low and middle-income countries, where two-thirds of stunted children and three-
fourths of wasted children reside.51 Reduction of child undernutrition has been at the 
forefront of the world’s development goals for more than a decade, with Goal 1 of the 
United Nations’ 2005 Millennium Development Goals aiming to reduce the number of 
underweight children by one half of the  prevalence levels in 1990 by 2015.52 India, one 
of the signatories of Millennium Development Goals, failed to meet this goal.   
A disproportionate share of the world’s undernourished child population reside in 
India.51,53 Despite its economic growth, the rate of institutional deliveries and coverage of 
maternal and newborn care practices remains among the lowest in South Asia.54,55 
Additionally, there were tremendous interstate and rural-urban disparities in maternal and 
child health indicators throughout India.56,57 In response, the Indian government  
launched a flagship national health program called National Rural Health Mission 
(NRHM), which had a special focus on maternal and child health in the rural regions of 
18 states: 10 large and impoverished states were considered as high focus while 8 states 
in northeastern region were considered as the northeast focus because of poor existing 
healthcare infrastructure in those states.23,34 Under the NRHM, the Indian government 
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invested more than $12.1 billion from 2005 to 2012 to strengthen public health 
infrastructure and workforce in rural India.23,28 Through the NRHM, India developed a 
workforce of approximately 1 million frontline health workers called Accredited Social 
Health Activist (ASHA: hope), who are responsible for tracking pregnant women, young 
mothers, and children under the age of five. These workers also facilitate healthcare 
delivery by accompanying the beneficiaries to scheduled clinical and immunization 
visits. While one  study found that the NRHM has led to a reduction in urban-rural 
disparities in the infant mortality rate,58 there is a lack of evidence about the impact of  
NRHM programs and policies on the magnitude of child undernutrition in India.  
This study investigates changes in the prevalence of child undernutrition in India 
from 1992 to 2015-16 and assesses differential change in the rate of child undernutrition 
reduction, pre and post-NRHM, for states based on their focus classification. The 
secondary study objective was to examine whether socio-economic inequalities persisted 
or declined after the implementation of the NRHM and whether this reduction was 
greater among high-focus states in comparison with normal-focus states.  
METHODS 
Study Setting: This study analyzes data from 1992, 1998, 2005, and 2015 cross-
sectional surveys of the population of India called National Family Health Survey 
(NFHS).43,44,46,54 These surveys are conducted using standard model questionnaires 
designed for Demographic and Health Surveys (DHS), which were developed by the 
United States Agency for International Development (USAID) and widely used in low 
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and middle-income countries. In India, these surveys use census data to perform multi-
stage cluster sampling that results in a representative sample of the Indian population. 
Details of these surveys have been described elsewhere 43,44,46,54 Data are  freely available 
to registered users through the DHS website (www.dhsprogram.com) and pooled data are 
available through Integrated Public Use Microdata Series-DHS, a grant-based initiative to 
promote microdata analyses of DHS datasets.59 Separate questionnaires are administered 
to the head of household, women aged 15-49 years, and men aged 15-54 years who 
stayed in the household the night before the household interview was performed. Women 
of reproductive age are also asked to provide information about their children. These 
surveys collect data on a wide range of topics, including women’s reproductive history, 
household characteristics, anthropometric measurements of children and women of 
reproductive age, and maternal and child health indicators. Because child anthropometry 
was only measured for children under three years old in 1998, and only among those who 
were born to women in the household, we limited our sample from other years to children 
who meet these criteria. Additionally, we excluded children who were deceased at the 
time of the survey and those with missing anthropometric or age data. The original 
sample size, number of children meeting the exclusion criteria, and the final analytic 
samples are shown in Figure 2.1.  
Variables: Outcome: The outcome was measured using three indicators to 
characterize chronic, acute, and overall burden of child undernutrition separately. We 
used the World Health Organization (WHO) standards to compute the Z scores for 
weight-for-age, weight-for-height, and height-for-age.6 A child was considered to be 
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chronically undernourished or stunted if his/her height-for-age Z score was below -2 and 
acutely undernourished or wasted if his/her weight-for-height Z score was below -2. 
Using recommendations of  a WHO working paper, we operationalized overall burden of 
undernutrition as Composite Index of Anthropometric Failure – CIAF if a child was 
either stunted, wasted, or underweight (weight-for-age Z score below -2).10–12 Although 
we calculated  underweight status of the children in the process of classifying CIAF 
status, we do not report statistics based on underweight because it does not distinguish 
between acute and chronic form of undernutrition and does not completely represent the 
overall burden of child undernutrition (Figure 2.2).13 
Exposure: We defined the time from 1992 to 2005 as the pre-NRHM period and 
2005 to 2012 as the post-NRHM period. Because the 2005 NFHS was primarily 
conducted before July 2005 and the NRHM program was not implemented until the end 
of 2005, we considered survey data from 2005 to be in the pre-NRHM period. State focus 
classification was based on the official list provided by the Indian government.23 To 
assess socioeconomic inequalities, we considered wealth quintile, level of maternal 
education, caste, rural/urban residence, and sex of the child as secondary exposure 
variables. Household wealth was operationalized using quintiles of a household assets 
score created using principal components analysis on items related to possession of 
assets.60 This method has been found to correlate highly with income and expenditure 
data in India.61 Maternal education was operationalized into three categories: no formal 
education (0 years), primary (1-5 years), secondary and higher (6+ years) levels of 
education. We categorized the caste variable as General, Other Backwards Caste, and 
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Scheduled Caste or Tribe. Rural or urban residence was based on the census definition of 
India and Sex of the child was based on maternal report.  
Potential Confounding Variables: Previous analyses of child undernutrition using 
DHS data from other countries assessed trends and inter-country comparisons after 
accounting for child’s age, gender, rural residence, birth order, religion, and maternal 
age.62,63 We also considered month of survey as a confounder because evidence has 
shown that weight is influenced by seasonality.  
Data Analysis: The weighted prevalence of child undernutrition indicators over 
time and according to subgroups of exposure categories was estimated by accounting for 
clustered sampling design and using survey weights. Because of the asymmetrical 
timeline of surveys, we used the UNICEF formula for estimating annualized changes as 
average annual reduction rates (AARRs): 𝐴𝐴𝑅𝑅 = 1 − (
𝑌𝑡+𝑛
𝑌𝑡
)1/𝑛 where Y is the adjusted 
prevalence of the childhood nutrition indicator at time (t) and (n) is the number of years 
between (t) and (t+n).63,64 Adjusted prevalence of different undernutrition indicators was 
estimated by performing the inverse logit transformation of coefficients from separate 
survey-weighted multivariable logistic regression models which included an interaction 
term for time and focus state classification as well as month of survey, caste, and religion. 
Other confounders were not included because they might lie in the pathway of NRHM 
programs and policies’ impact on child nutrition. Point estimates for AARR, differences 
in AARR, and differences of differences in AARR were calculated with accompanying 
95% Confidence Interval (CI) using Taylor linearization methods. Socio-economic 
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disparities were represented using the predicted probability ratio of adjusted estimates 
after accounting for all potential confounders. In order to emphasize inequalities, 
predicted probability ratios were calculated for extreme categories for household wealth, 
maternal education, and caste because they had more than two categories. Due to small 
sample size, socio-economic disparities for northeast focus states were not reliable and 
not estimated. All analyses were performed in STATA MP 15 using svy prefix to account 
for the complex survey data structure. 
The University of Massachusetts Medical School IRB reviewed the protocol for 
the secondary data analyses presented in this manuscript. This study was deemed exempt 
from full review because the data contained no personal identifiable information on 
survey participants. 
RESULTS 
Among the total of 393,167 eligible children included in the NFHS surveys from 
1992 to 2015, 187,452 met the criteria for inclusion in the present study (Figure 2.1). 
Table 2.1 presents the weighted distribution of variables of interest in this study. Most of 
the children surveyed resided in high focus states and less than 5% lived in northeast 
focus states. The proportion of children living in the poorest wealth quintile increased 
over time while the proportion living in the richest wealth quintile decreased. There was a 
dramatic increase in maternal education over the years. In 1992, nearly two-thirds 
reported attending zero years of school while in 2015, approximately one quarter of 
mothers reported no formal education. The proportion of children living in rural regions 
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declined over time as did the proportion of female children. All observed trends were 
consistent across different categories of focus states (Appendix 2.1). Children living in 
normal focus states had higher socioeconomic status in comparison to children living in 
high or northeast focus states.  
Across India, the prevalence of acute, chronic, and overall burden of child 
undernutrition decreased during the years under study (Figure 2.2A). Chronic 
undernutrition declined at a 0.8% faster annual rate after the implementation of the 
NRHM program (95% CI: 0.4 – 1.2). In contrast, acute undernutrition prevalence 
increased during the post-NRHM period. We did not observe a discernible change in the 
AARR between post-NRHM and pre-NRHM period for overall undernutrition. There 
was heterogeneity in these observations among the subgroups of states. Among normal 
focus states, chronic undernutrition declined at a 1.6% faster rate during the post-NRHM 
in comparison to pre-NRHM period, whilst prevalence of acute undernutrition increased 
(Figure 2.2B). Among high and northeast focus states, prevalence of acute undernutrition 
declined at a faster rate during the post-NRHM period in comparison to pre-NRHM 
period while no statistically significant difference was found in the change of rate of 
decline for chronic or overall undernutrition (Figures 2.2C and 2.2D). These changes in 
AARR after the implementation of the NRHM were significantly different between 
normal focus states and the states where NRHM was implemented i.e.  high and northeast 
focus (Table 2.2).  
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Socioeconomic disparities of child undernutrition from 1992 to 2015 are 
presented using the predicted probability ratio between two extreme categories in Figure 
2.3. A predicted probability ratio of 1 indicates that there are no disparities based on the 
variable of interest, while a predicted probability ratio >1 is indicative of a disparity such 
that children in the lower socioeconomic category have an increased prevalence in 
comparison with children in the higher socioeconomic category. Socioeconomic 
disparities of chronic undernutrition were exacerbated between 1992 and 2015 and no 
decline in disparities was observed during the post-NRHM period. In contrast, disparities 
based on wealth, maternal education, caste, and rural residence for acute undernutrition 
declined but did not disappear during the post-NRHM period. Socioeconomic disparities 
for overall undernutrition have persisted, despite some attenuation in wealth-based 
disparity during the post-NRHM period. Trends in disparity did not differ dramatically 
between high focus and normal focus states except in a few notable cases (Figure 2.4). 
Maternal education-based disparities in chronic undernutrition declined during the post-
NRHM period among normal focus states. In contrast, declines in disparities for chronic 
undernutrition were not observed among high focus states. Wealth and maternal-
education based disparities in acute undernutrition declined during the post-NRHM 
period for normal and high focus states; the magnitude of decline was greater among the 
high focus states.  
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DISCUSSION 
Our study used nationally representative cross-sectional data in India during the 4 
survey years of 1992, 1998, 2005, and 2015 on eligible children under the age of three to 
examine trends in child undernutrition within the context of the National Rural Health 
Mission that was implemented in 2005 among the high focus and northeast focus states in 
India. Our analyses reveal three key findings. First, the prevalence of undernutrition and 
trends in its changes differed across different indicators of undernutrition. Second, the 
prevalence of acute undernutrition declined at a faster rate in the post-NRHM period 
among the states where NRHM was prioritized while the prevalence of acute 
undernutrition increased during the post-NRHM where NRHM was not implemented. 
Conversely, prevalence of chronic undernutrition declined at a faster rate among the 
normal focus states in the post-NRHM period in comparison to high and northeast focus 
states. Third, socioeconomic disparities for chronic and overall undernutrition persisted 
or widened over time. We observed a decline in wealth, maternal-education, rural, and 
caste-based disparities for acute undernutrition after the implementation of the NRHM. 
These results have important implications for the Indian government as it continues to 
expand its efforts to combat child undernutrition. 
Conventionally, prevalence of child undernutrition is assessed using height-for-
age (stunting), which is used by the WHO to set targets for its Millennium and 
Sustainable Development Goals.4,65 Our findings suggest that focusing on any one 
indicator underestimates the overall prevalence of undernutrition, which is better 
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captured using CIAF.11 Our results also suggest a sustained reduction in children who 
meet the criteria for stunted growth since 1992, especially in the post-NRHM period 
when prevalence decreased by more than 2% per year. However, the overall burden of 
child undernutrition, measured by CIAF, has decreased by 1% from 1992. Moreover, the 
rate of reduction in CIAF in the post-NRHM period was not higher than pre-NRHM 
period. This finding that stunting overestimates the changes in undernutrition is 
consistent with analyses of changes in the prevalence of child undernutrition indicators 
from seven low and middle-income countries, which found contradictory findings.13 As 
an example, the relative change in the prevalence of stunting and wasting among 
Zimbabwean children under the age of 5 increased by 24.5% and 32.7% from 1994 to 
1999, while the prevalence of underweight children decreased by 10.2%.13 Conventional 
indices of stunting  and wasting correspond to distinct biological phenomenon and must 
be considered in informing interventions, but policy impact evaluation should also 
consider CIAF to more comprehensively assess improvement in the overall nutritional 
status of children and more effectively allocate necessary resources.  
The NRHM was implemented in 2005 among the rural regions of the 18 high-
focus states to reduce geographical disparities in maternal and child health.23,25,34,66 We 
found that the prevalence of acute undernutrition decreased at a more rapid rate during 
the post-NRHM period among children living in high focus states in comparison to 
normal focus states, supporting our original hypothesis. These findings may be explained 
by the services provided by the NRHM, which focused on improving antenatal care, rates 
of institutional delivery, and healthcare access for mother and the child.67 These services 
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are more likely to prevent acute forms of undernutrition by improving health and 
preventing child morbidity. Additionally, nutritional rehabilitation centers instituted 
under the NRHM can help children recover from acute malnutrition. Recent analysis 
found that NRHM was associated with a reduction in wealth-based inequities in maternal 
health services.68 Similarly, our finding socioeconomic disparities for acute 
undernutrition declined suggests that NRHM has been effective in combating acute 
malnutrition among the disadvantaged populations. 
Contrary to our hypothesis, we found that the prevalence of stunting decreased 
with a higher rate among normal focus states in comparison to high focus states during 
the post-NRHM period. One plausible reason for the unexpected trends is that 
determinants of chronic nutrition are less influenced by the NRHM policies, at least on a 
short-term basis. An analysis of determinants of child stunting using nationally 
representative data from Afghanistan, Bangladesh, India, Nepal, and Pakistan showed 
that the three strongest correlates of child stunting were maternal height, household 
wealth, maternal BMI, minimum dietary diversity, maternal education, and age at 
marriage.69 It is possible that improved access to healthcare services, may help increase 
maternal height and BMI as well as reduce economic burden on the families, thereby 
increasing household wealth. However, meaningful changes in these factors may not 
manifest in the observed post-NRHM period. Therefore, the higher rate of reduction in 
the normal focus states may be a reflection of the overall status of women in these states 
where 74% of mothers had received secondary or higher level of education in comparison 
to only 45.4% in high focus states. An important implication of these results is that India 
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needs to invest in programs that more directly improve the status of women in high focus 
states to reduce the prevalence of children with stunted growth. 
Since 2016, India has launched two nationwide programs to improve maternal and 
child health, with a special focus on child nutrition. Mothers Absolute Affection (MAA: 
mother) is a program intended to enhance breastfeeding and other young child feeding 
practices through a multimedia information campaign and by leveraging the ASHA 
workforce to conduct regular meetings with young mothers from their community.70 
Prime-minister’s Overarching Scheme for Holistic Nourishment (POSHAN: Nutrition) or 
National Nutrition Mission (NNM) is a three-year 1.5 billion U.S. dollar initiative that 
aims to use mobile technology to integrate siloed efforts to improve immediate and 
underlying determinants of child undernutrition.71 The goal of POSHAN is to reduce the 
prevalence of stunting and underweight by 2% per year and achieve a prevalence of less 
than 25% for both indicators by 2025. Both of these programs represent a step in the right 
direction, but their mission guidelines indicate an implementation strategy based on state 
and district-based priority. As our findings on the impact of the NRHM shows, careful 
consideration for effective allocation of resources is necessary to reduce disparities and 
limit unintended effects. In the context of rising wealth inequality in India, prioritizing 
implementation based on high focus states puts impoverished and disenfranchised 
population in normal states at higher risk as observed in our findings. Therefore, there is 
a need for a mechanism that more effectively targets vulnerable population across India. 
The emergence of mobile technology and existence of a robust workforce of frontline 
health workers might offer a way forward towards this goal.  
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Our study has several limitations. First, we considered exposure of NRHM 
policies based on state classification by the Indian government as high focus, northeast 
focus, or normal focus. Because the implementation of NRHM program is at the 
discretion of the state government to allow for contextual modification, interstate 
variations might exist. Thus, our approach overlooks the underlying heterogeneity within 
states of a particular focus classification. However, this analytical framework has been 
used by previous evaluation of NRHM program.25,28,68 Second, NRHM was expanded to 
National Health Mission (NHM) in 2012 that included urban regions and normal focus 
states.72 Therefore, it is possible that our findings reflect an underestimation of the impact 
of NRHM. However, previous analyses of NRHM policies showed that measurable 
differences in health indicators were observed five years after the implementation of 
NRHM. The magnitude of differences found between high and normal focus states also 
suggests that an underestimation of the impact of NRHM is unlikely to change the overall 
findings. Additionally, programmatic guidelines for new and existing programs continue 
to consider states’ focus classification for their implementation strategy. Third, there is a 
considerable amount of missing or implausible data. However, the distribution of 
sociodemographic factors did not vary between the missing and non-missing groups. 
Considering that this source of data has been widely used in literature and informs policy 
making by the Indian government, we believe that it is currently the best available data 
for this analysis.  
In conclusion, our results suggest differential improvements in chronic and acute 
undernutrition for normal and high-focus states after the implementation of NRHM. Our 
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findings suggest that NRHM programs might be useful in preventing acute forms of 
undernutrition. Considering the increasing prevalence of wasting in normal focus states 
and exacerbation of socioeconomic disparities, there is a need for India to more 
effectively target vulnerable population to prevent child undernutrition. 
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Table 2.1: Weighted distribution of eligible children under the age of 3 measured for 
undernutrition in Indian National Family Health Surveys from 1992 to 2015 
  All States 
  1992 1998 2005 2015 
Empirical Number of Children 
         
18,396  
         
22,390  
         
22,442  
       
124,224  
State Focus         
Normal 38.2 49.5 39.9 41.6 
High 55.8 47.3 56.1 54.7 
Northeast 6.0 3.2 4.0 3.7 
Wealth Quintile         
1 (Poorest) 21.7 21.8 25.3 24.8 
2 21.0 21.7 22.2 22.1 
3 18.9 20.4 19.7 20.2 
4 21.2 19.9 18.6 18.4 
5 (Richest) 17.2 16.3 14.3 14.6 
Mother Education         
None (0 years of schooling) 63.8 52.8 48.7 28.5 
Primary (1-5 years) 11.3 15.8 13.7 13.4 
Secondary or Higher (>5 years) 24.9 31.4 37.7 58.1 
Castea         
General 78.3 37.0 28.7 23.0 
Other Backwards Caste 0.0 32.6 40.6 44.4 
Scheduled Caste or Tribe 21.7 30.4 30.7 32.6 
Rural 76.8 76.2 75.6 72.5 
Female 49.5 48.2 47.7 48.2 
1st Born 24.1 27.3 29.1 37.3 
Hindu Religion 77.4 79.4 78.3 78.6 
Season         
Winter (Dec - Mar) 55.4 69.4 59.6 27.8 
Summer (Apr - Jun) 24.5 26.0 36.0 59.1 
Monsoon (Jul - Sep) 3.8 2.8 4.4 11.8 
Post-Monsoon (Oct/Nov) 16.3 1.7 0.0 1.3 
Mean Child Age in Months (SE) 17.1 (0.09) 17.4 (0.08) 18.1 (0.08) 18.2 (0.04) 
Mean Birth Order (SE) 3.1 (0.02) 2.8 (0.02) 2.8 (0.02) 2.2 (0.01) 
Mean Age at First Marriage (SE) 16.9 (0.03) 17.0 (0.04) 17.2 (0.04) 19.5 (0.04) 
Mean Maternal Age (SE) 26.0 (0.06) 25.2 (0.05) 25.6 (0.06) 26.0 (0.02) 
a: other backward caste was considered as general in 1992 ; SE: Standard Error 
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Table 2.2: Differences of the differences between focus states groups for Average Annualized Reduction Rate 
changes in the post-NRHM (2005-15) versus pre-NRHM periods (1992-2005) based on results from the Indian 
National Family Health Surveys 
  Chronic Acute Overall 
  ∆ LCI UCI p ∆ LCI UCI p ∆ LCI UCI p 
(High Focus) - (Normal Focus) -1.3 -2.2 -0.4 <0.01 4.3 2.8 5.7 <0.01 0.0 -0.5 0.7 0.81 
(Northeast Focus) - (Normal Focus) -1.9 -3.7 -0.1 0.04 5.4 2.4 8.3 <0.01 0.0 -1.5 1.4 0.96 
(High Focus) - (Northeast Focus) 0.6 -1.2 2.3 0.53 -1.1 -4.0 1.7 0.45 0.1 -1.3 -1.5 0.88 
Chronic undernutrition was defined by stunting, acute by wasting, and overall by Composite Index of Anthropometric 
Failure (stunted, wasted, or underweight) 
All estimates were adjusted for month of survey as well as religion and caste of the child's household 
 
 
Chapter II            47 
 
 
 
 
 
Chapter II            48 
 
 
 
 
Chapter III                  49 
 
 
Chapter III: 
PREDICTIVE ALGORITHM TO STRATIFY INFANTS AT-RISK FOR CHILD 
UNDERNUTRITION IN INDIA 
 
ABSTRACT 
Background: India is at the epicenter of global child undernutrition. Strategies to 
identify at-risk populations are needed in the context of limited resources to facilitate 
timely intervention to prevent child undernutrition 
Data and Methods: Data for children under the age of five surveyed in the 2015-16 
National Family Health Survey were used. A child was considered undernourished if 
either height-for-age (stunting), weight-for-height (wasting), or weight-for-age 
(underweight) standardized z-score was 2 standard deviation below the WHO median. 
Predictor variables were identified from the extant literature and included if they could be 
measured at the time of delivery. Survey-weighted logistic regression was applied to 
model the outcome. Model calibration was assessed using Hosmer-Lemeshow table and 
Brier scores. Internal validation of the model was performed using 200 bootstrapped 
samples representing half of the total datasets to derive optimism adjusted c-statistic. 
Results: In 2016, 54.4% (95% CI: 54.0 – 54.8%) of Indian children under the age of five 
were either stunted (38.4%), underweight (35.8%), or wasted (21.0%). The predictive 
model for overall undernutrition included maternal (height, education, reproductive 
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history, number of antenatal visits), child (sex, birthweight), and household 
characteristics (district of residence, caste, rural residence, toilet availability, presence of 
a separate kitchen). The model demonstrated reasonable discrimination ability (c-statistic: 
0.0.68, optimism-adjusted c: 0.0.67). The group of children classified in the lowest decile 
for risk of undernutrition had a prevalence of 25.9%, while the group classified in the 
highest decile had a prevalence of 77.4%. 
Conclusion: It is possible to calculate a risk score for child undernutrition at the time of 
delivery. The model developed by this study represents a first step in adopting a risk-
score based approach for the most vulnerable population to receive services in a timely 
manner. 
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INTRODUCTION 
With an estimated 62 million children under the age of five experiencing stunted 
growth, India is at the epicenter of the child undernutrition crisis.46,51 Although there has 
been a steady decline over the past two decades, a third of India’s child population 
experiences stunted growth and one out of five Indian children suffers from wasting.46 
Expert analyses of child undernutrition in India reveals barriers for improvement at the 
sociocultural and governance level.73–75 Improving women’s status and living conditions 
lie at the root of child undernutrition in India.27,40,42,76 At the same time, programs to 
improve proximal determinants of child growth and development i.e. access to 
healthcare, supplemental nutrition, provision of balanced meals, are needed to prevent 
undernutrition among India’s vulnerable population.33,73–75,77,78 India has several national-
level programs that hold promise for improving the nutritional status of the nation’s 
children by 1) providing supplemental nutrition to pregnant and lactating mothers, 2) 
improving prenatal and infant care, and 3) addressing upstream determinants of child 
undernutrition i.e. parental employment, access to clean water and toilet facilities, and 
promoting sanitary hygiene.73 However, these programs are operated by different 
ministries at the national level resulting in fragmented implementation and limited 
accountability.73–75 
To address these governance issues, India launched a three-year ₹ 9,046 crore 
(roughly equivalent to $1.3 Billion) National Nutrition Mission (NNM) in 2018 with the 
objective of bringing convergence across existing national level programs. The goal of 
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the mission is to reduce prevalence of childhood stunting from 38.4% to 25% by 2022.71  
A main component of the NNM is to leverage mobile technology for efficient 
implementation and real-time monitoring of program activities.71 The NNM has 
developed a mobile application that serves as a dashboard for all nutrition-related 
programs.  The mission also provides a mobile phone to 1.4 million frontline health 
workers (FHWs) to more effectively deliver services and report progress to their 
supervisors. These services aim to improve 1) Water, Sanitation, and Hygiene (WaSH) 
outcomes, 2) maternal and child nutrition through provision of supplementary nutrition, 
food rations, and nutritional counseling, and 3) maternal and child healthcare through 
provision of immunization, early detection and treatment of illness, home-based young 
child care, and healthy behavior counseling. The guidelines and resources for 
implementation of these programs are allocated by the national government which 
prioritizes 18 out of 36 states determined as high or special focus, as well as 184 out of 
the 640 districts classified as high priority districts.67,70,79,80 However, substantial burden 
of undernutrition persists outside of these high priority regions.81,82 In order to empower 
FHWs to intervene in a timely manner and prevent child undernutrition, it is important to 
develop a mechanism to stratify at-risk children such that FHW’s efforts and resources 
can be deployed most efficiently.  
Therefore, the purpose of this study was to develop and internally validate a 
model that could be predictive of the outcome of child undernutrition in the first five 
years of life using data available at the time of delivery. We chose to limit the predictive 
variables to those that can be collected at the time of delivery because FHWs routinely 
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register the birth of new children within their community using the Mother and Child 
Tracking System (MCTS). A risk-score calculated from this data can be employed to 
stratify and direct focus to children at high risk of developing undernutrition.  
METHODS 
Data sources and procedures: Data from the fourth round of the National 
Family Health Survey (NFHS-4), 2015-16 were used in the analyses.46 The NFHS-4 was 
conducted by the International Institution for Population Sciences (IIPS), Mumbai under 
the stewardship of Ministry of Health and Family Welfare, Government of India. The 
protocol for NFHS-4 survey was approved by the IIPS Institutional Review Board (IRB) 
and reviewed by the U.S. Centers for Disease Control and Prevention. The final data are 
made publicly available for public use from Demographic Health Survey data repository 
managed by United States Agency for International Development and can be accessed 
upon a data request through www.dhsprogram.com/data/. University of Massachusetts 
Medical School IRB reviewed the protocol for the secondary data analyses presented in 
this manuscript and deemed it exempt from full review because the data contained no 
personal identifiable information on survey participants. 
This nationally representative sample to estimate indicators at the district level 
(n=640) across the 36 state and union territories was derived with a stratified two-stage 
sampling method using 2011 census as the sampling frame for selection of the Primary 
Sampling Unit (PSUs): villages for rural stratum and census enumeration blocks in urban 
stratum. Within each stratum, PSUs were identified with probability proportional to size. 
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In every selected PSU, a complete household mapping and listing operation was 
conducted. A PSU with estimated number of at least 300 households were segmented into 
segments of approximately 100-150 households. In the second stage, 22 households were 
randomly selected using systematic sampling from each PSU or reduced segments. This 
process identified 628,900 households, of which 616,346 were occupied, and 601,509 
were interviewed (97.6% response rate). A total of 699,686 women aged 15-49 years 
responded to the women’s questionnaire and provided information on 268,873 children 
aged 0-59 months.  
Data was collected by a total of 789 field teams over a period of almost two years 
(20 January, 2015 to 4 December, 2016). Each team had a field supervisor, a driver, 
health investigator(s), and male and female interviewer(s). Female and male interviewers 
were assigned to interview adult respondents of the same sex. Questionnaires were 
administered in 17 local languages using computer assisted personal interviewing. 
Weight and height were measured for all children aged 0-59 months and women aged 15-
49 years. Weight was measured using the Seca 874 digital scale. The height of adults and 
children aged 24 months or older was measured with the Seca 213 stadiometer. The Seca 
417 infantometer was used to measure recumbent length of children less than 24 months 
old or less than 85 cm as recorded by the stadiometer. 
To ensure data quality and consistency, several comprehensive manuals were 
prepared to train supervisor, interviewer, and health investigator as well as guide the 
process of household mapping and data processing. The field supervisor on each 
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interviewing team observed interviews in a subsample of households and conducted 
back-checks with respondents as a further check on the quality of the field work. Data 
were collected using mobile technology and transferred to central databank on a daily 
basis, where data quality checks were performed, and real-time feedback was provided to 
field agencies to improve data quality. Computer-identified inconsistencies were resolved 
by the field agencies and approved by the central team before the dataset was finalized. 
Sample size: Figure 3.1 describes the derivation of analytic sample used in this 
study. Children who were not alive at the time of the survey or did not belong to the 
household but were present at the time of survey were excluded from the analyses. 
Children were excluded if their younger sibling was interviewed in the survey because 
inclusion of multiple siblings would violate the assumption of independent observations. 
Of the 167,711 eligible children, data from 129,040 children was used to build a 
predictive model for child undernutrition due to missing or implausible data. 
Outcome Variable: Child undernutrition is routinely assessed using 
anthropometric indicators namely stunting (height-for-age z score < -2), underweight 
(weight-for-age z score < -2), and wasting (weight-for-height z score < -2). Emerging 
scholarship suggests that a focus on any single indicator underestimates the overall 
prevalence of child undernutrition. Stunting reflects decreased skeletal growth, an 
indicator of chronic undernutrition. Wasting reflects loss of fat and muscle tissue, a 
measure of more acute undernutrition. Underweight is a combination of acute and 
chronic undernutrition but does not capture all children who experience stunting or 
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wasting. In a Policy and Practice article published in the Bulletin of the World Health 
Organization, Svedberg and Nandy recommend the use of Comprehensive Index of 
Anthropometric Failure (CIAF), which considers a child to be undernourished if any of 
the three forms of undernutrition are present.12 Their recommendation is supported by 
evidence from 2005 NFHS data from India demonstrating CIAF was the only indicator of 
undernutrition that was closely associated with diarrhea, dysentery, and respiratory illness 
among children.10,12 Therefore we considered a child to be undernourished, if either 
height-for-age, weight-for-age, or weight-for-height z-score was below -2. 
Predictor Variables: Predictor variables were identified using the integrated 
framework of child undernutrition.14 Risk factors that cannot be collected at the time of 
delivery e.g. breastfeeding practices, infant dietary diversity, childhood illnesses, were 
excluded. Additional risk factors specific to the Indian context were identified using a 
review of literature.16,30,37 Maternal stature, education, ability to read local language, 
preceding birth interval, age at first birth were considered. Antenatal receipt of iron 
supplementation for at least three months and at least four maternal visits were also 
considered. Child related factors included birthweight and sex. Number of siblings, 
access to a toilet, rural residence, ownership of a below poverty level card, caste and 
religion of the household head, treatment practices of drinkable water, construction type 
for house, floors, and walls, use of soap for handwashing, presence of a separate kitchen, 
and use of non-solid fuel were the household conditions considered for the analyses. The 
operational definition of these variables were based on NFHS-4 guidelines and 
enumerated in Table 3.1.46 The mean prevalence of CIAF per district was considered in 
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decile groupings. Residence in high focus state and/or high priority district was modeled 
using separate dummy variables.  
Analysis: All statistical analyses were performed in STATA 15 MP using the 
svyset and svy commands to account for complex survey weighting of each participant. 
The associations between predictive variables and CIAF were evaluated using bivariate 
logistic regression models and multivariable logistic regression models to derive 
unadjusted and adjusted odds ratio. Individual predicted probabilities corresponding to 
unadjusted and adjusted models were calculated for analytic sample set using the inverse 
logit transformation of beta coefficients for the participant’s covariate distribution. Each 
model’s discrimination ability was assessed by calculating c-statistic using ‘roctab’ 
command for the predicted probabilities against the CIAF outcome. Similarly, model 
calibration was assessed using Brier scores and Hosmer-Lemeshow goodness of fit tables 
using decile grouping of predicted probabilities against the binary outcome variable. All 
variables were associated with the outcome and thus were eligible for inclusion. 
Multicollinearity among the predictors was assessed and ruled out using variance 
inflation factor and tolerance. To achieve a parsimonious model, predictor variables were 
added in a stepwise manner and included in the model if their inclusion increased the full 
model’s multivariable c-statistic by at least 0.01 or reduced the brier score by at least 
0.001. Continuous variables were categorized and number of categories for existing 
discrete categories were minimized using receiver operator curve analyses for 
multivariable model to achieve a model that is easy to implement in the real world. 
Birthweight was transformed to clinically meaningful categories of extremely low 
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birthweight (< 1800 g), low birthweight (1800-2500g), or normal birthweight (> 2500g). 
Maternal height was categorized into three categories (5’2” or taller, 4’8” to less than 
5’2”, and less than 4’8”) by examining a plot of multivariable c-statistic against maternal 
height values to the nearest inch.83 The final step examined interactions between 
variables in the fully specified model. Because inclusion of interaction variables did not 
improve model performance, they were not included in the final model. 
Internal validation of the final model was performed using previously established 
methods to test and correct for optimism, which is the difference between the model’s c-
statistic and the bias corrected c-statistic of resampled datasets using nonparametric 
bootstrap methods.84,85 A simulation study comparing internal validation performance of 
various methods found that bootstrapping method outperformed various split-sample 
methods.86 Therefore, a total of 200 datasets were resampled representing participants 
corresponding to 14,000 PSU clusters selected with replacement. The final estimate of 
internal validity was derived by subtracting optimism from model’s c-statistic to penalize 
the model for overfitting.  
RESULTS 
Table 3.1 describes the empirical and survey-weighted distribution of well-known 
predictors of child undernutrition among the children eligible for this analysis. More than 
half of the children (89,804; 53.6%) included in the analyses were undernourished based 
on the CIAF definition, corresponding to a weighted proportion of 54.4% (95% CI: 54.0 
– 54.8%). Three-fourths of all children surveyed lived in rural regions. More than half 
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(54.0%) were male and two-thirds had zero or one living sibling. Birthweight was 
available for 131,139 children and 37.0% weighed 2500 grams or less.  Majority (83.7%) 
of the mothers of children included in the study had a stature shorter than 5 feet 2 inches. 
Nearly one in four mothers (28.5%) had no formal education and a third (32.5%) could 
not read their local language. Most children were from families that self-identified as 
belonging to an underprivileged caste (77%). Only 37.9% of children belonged to 
households that reported access to a toilet and two-thirds of the children belonged to 
families that use solid fuel for cooking. All predictors were closely associated with child 
undernutrition (p < 0.001). 
After criteria-based model building and variable transformation, fifteen 
predictors, including three geographical variables, were selected in the final individual 
covariate model. The results of bivariate and multivariable logistic regression for the 
outcome of child undernutrition using these predictors are presented in Table 3.2. After 
adjusting for other covariates, all predictors remained strongly associated with the 
outcome of child undernutrition albeit the effect estimates were attenuated, with the 
exception of residence in high focus states or high priority district. In bivariate 
regression, residence in a high focus state or high priority district increased the odds of 
child undernutrition. However, after accounting for other predictors, residence in these 
regions was associated with a moderate reduction in the odds of child undernutrition.  
The final model had a reasonable discrimination ability as measured by a survey-
weighted c-statistic of 0.68 (optimism-adjusted c-statistic: 0.67) and a Brier score of 
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0.225. The Hosmer-Lemeshow goodness of fit table for distribution of observed and 
expected prevalence for each decile risk group is presented in Table 3.3. One in four 
children categorized into the lowest risk group was undernourished while four in five 
children in the highest risk group were undernourished. The observed and expected 
prevalence were within 95% CI for each risk grouping. Table 3.4 describes model 
performance and discrimination ability across different sub-groups. Overall, the model 
calculated lowest individual probability of child undernutrition at 13.6% and highest 
probability at 92.0%. The model performed consistently across all subgroups except for 
children under the age of six months, for whom model had poor discrimination ability (c-
statistic: 0.63). 
DISCUSSION 
In this study, we used data from a nationally representative survey to develop a 
predictive algorithm that can forecast five-year risk of undernutrition among Indian 
children at the time of their delivery. The model uses information about the child, child’s 
mother, child’s household, and the child’s geographical region. All factors included in the 
final model have been identified as closely associated with child undernutrition in 
previous studies using data from the 2004-05 National Family Health Surveys.16,30,37 It is 
important to note that the factors included in the model do not represent a comprehensive 
list of predictors of child undernutrition in India, but rather those that can be collected at 
the time of delivery or in a reasonable time frame. For instance, breastfeeding practices 
and timely introduction of complementary foods play an important role in child nutrition 
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but cannot be captured at the time of the delivery. This approach lowers the performance 
of a predictive algorithm but allows for identification of at-risk children at the time of 
their birth and can empower FHWs to make informed decisions for prioritizing services 
and surveillance of the vulnerable children.   
Health Information Systems play an important role in facilitating routine service 
delivery activities by the FHWs. India launched the Mother and Child Tracking System 
(MCTS) in 2009 as a web-based portal that collected data from FHWs for all pregnant 
women in their region, especially at the time of delivery.87 The MCTS generates 
automated schedules for FHW for services due and sends SMS reminders to FHW and 
the beneficiaries, ensuring continued medical care. Evaluation of the MCTS has 
demonstrated its benefits in helping FHW more effectively provide services and follow 
up with mother and young children in their region.88,89 As technological capacity 
advances, the health information systems such as MCTS can be used to facilitate 
targeting the most vulnerable populations. Integration of the model developed in our 
study within the MCTS presents such an opportunity to employ data-driven approaches 
for improving decision making by FHW, supervisory, and managerial health officials. 
Because ten of the fifteen questions included in our predictive model are already captured 
by the MCTS, the additional burden of data collection for FHW (toilet access, living in 
semi-finished or finished house, type of cooking fuel, using soap after toilet use) will be 
minimal if the predictive model was integrated as part of the MCTS.87 
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The high prevalence of child undernutrition and the limited discrimination ability 
of the model dictates a careful use of the risk score. Intensification of resources for high-
risk groups should be favored over withdrawal of resources from low-risk groups. One 
approach could be to use the risk score to inform the frequency of counseling and follow-
up from FHW. A Bangladeshi program focused on a population of 8.5 million mothers 
led to rapid and significant improvements in key breastfeeding and complementary 
feeding practices because of promotion strategies that targeted high priority groups 
through more frequent contacts.90 The program found that complementing mass media 
campaigns with innovative approaches to improve the performance of FHW in delivering 
timely counseling to high-risk mothers were central to its success. Thus, an automatically 
generated schedule for children based on their risk score can ease the burden on FHW 
and allow them to provide services and monitor child growth in a timely manner. 
In addition to helping the FHW risk-stratify and efficiently provide services for 
the most vulnerable children, the results of the model can also inform priority setting and 
resource allocation at the district, state, and national levels. Currently, the Indian 
government prioritizes funding allocation for implementation of national level programs 
for high focus states and high priority districts.67,70,79,80 Our results show that the children 
living in these regions were more likely to be undernourished, but after accounting for 
other risk factors, they had lower odds of being undernourished than a child with the 
same covariate pattern living in normal focus state or priority district. A possible 
explanation for this discrepancy might be that the added resources allocated to high 
priority regions helps prevent undernutrition among vulnerable children in comparison to 
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their counterparts in other regions. Therefore, allocating resources based on regional 
distribution of risk-score might provide a more equitable approach.  
It is important to consider certain limitations of our study. This model is based on 
self-reported data collected as part of a cross-sectional survey study. Although the survey 
was conducted by research staff, who received rigorous training in administering 
standardized questionnaires, recall bias on behalf of the respondents cannot be ruled out. 
However, the final model includes objective questions that are less prone to such bias. An 
underlying assumption of the model is that the responses about household characteristics 
i.e. access to toilet, treatment of drinkable water, use of cooking fuel does not change 
throughout the first five years. It is plausible that water and sanitation hygiene improved 
after childbirth, especially if the child experienced illness or was undernourished. In this 
scenario, the coefficient of associations presented in our analyses are likely an 
underestimation. Due to the cross-sectional nature of the survey, we cannot test this 
assumption. Our final model is derived from nationally-representative data, was 
internally validated using 200 random bootstrapped samples, and had reasonable 
predictive capability. However, further work is necessary to assess external validation of 
this model and its performance in real-world setting. 
One opportunity to validate and improve model performance in real-world setting 
comes from its integration within the existing MCTS portal. The additional data on 
feeding practices, immunization records, and growth outcomes as the child advances in 
age can be used to augment the model and calculate a dynamic risk-score for child 
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undernutrition that changes over time. By comparing the risk score with the outcome of 
child undernutrition in the first five years, the model can be calibrated further using 
decision curve analyses to identify risk thresholds for child undernutrition. Thus, the 
current model developed by this study represents a first step in adopting a risk-score 
based approach for the most vulnerable population to receive services in a timely manner. 
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Table 3.1: Empirical distribution and weighted proportion of predictors of child undernutrition 
for all eligible children with anthropometric data (N = 167, 711) from the 2015-16 National 
Family Health Survey of India 
Variable Overall CIAF 
N % w-% n % w-% 
Number of children 167,711 100 100 89,804 53.6 54.4 
Child Factors       
Birthweight Missing = 36,572 Missing = 22,195 
1800 grams or less 4,514 3.4 3.6 3,124 4.6 4.8 
1801 – 2500 grams 43,989 33.5 34.1 26,336 39.0 39.4 
> 2500 grams 82,636 63.0 62.3 38,149 56.4 55.9 
Sex Missing = 0 Missing = 0 
Male 90,586 54.0 54.2 49,489 55.1 55.0 
Female 77,125 46.0 45.8 40,315 44.9 45.0 
Number of Siblings Missing = 0 Missing = 0 
0 or 1 114,448 68.2 70.9 58,001 64.6 67.0 
Two 28,957 17.3 16.4 16,602 18.5 17.8 
3 or more 24,306 14.5 12.7 15,201 16.9 15.2 
Maternal Factors       
Maternal height Missing = 404 Missing = 234 
5 feet 2 inches or taller 27,237 16.3 16.1 10,894 12.2 12.1 
4 feet 8 inches to < 5 feet 2 inches 105,982 63.3 63.0 55,815 62.3 61.9 
< 4 feet 8 inches 34,088 20.4 20.9 22,861 25.5 26.0 
Maternal education Missing = 0 Missing = 0 
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No formal education 47,831 28.5 27.6 31,110 34.6 33.5 
Primary (1-7 years of schooling) 36,587 21.8 21.8 20,848 23.2 23.2 
Secondary school (>7-10) 47,778 28.5 28.0 23,603 26.3 26.1 
High Secondary or more (> 10)  35,515 21.2 22.6 14,243 15.9 17.2 
Mother can read local language Missing = 1,101 Missing = 679 
No 54,116 32.5 31.5 34,992 39.3 37.9 
Yes 112,494 67.5 68.5 54,133 60.7 62.0 
Preceding birth interval Missing = 440 Missing = 230 
24 or more months or first child 141,583 84.6 84.4 74,090 82.7 82.4 
Less than 24 months 25,688 15.4 15.6 15,484 17.3 17.6 
Maternal age at first childbirht Missing = 4 Missing = 1 
< 18 years old 20,482 12.2 12.9 12,094 13.5 14.0 
18 years or older 147,225 87.8 87.1 77,709 86.5 86.0 
Prenatal iron supplementation  Missing = 2,750 Missing = 1,330 
< 3 months 117,766 71.4 69.2 65,930 74.5 72.5 
3 months or more 47,195 28.6 30.8 22,544 25.5 27.5 
Four or more antenatal care visits Missing = 1,598 Missing = 789 
No 86,784 52.2 48.4 50,826 57.1 53.3 
Yes 79,329 47.8 51.6 38,189 42.9 46.7 
Household Factors       
Below Poverty Line Card Missing = 323 Missing = 145 
No  104,501 62.4 61.6 53,073 59.2 58.8 
Yes 62,887 37.6 38.4 36,586 40.8 41.2 
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Caste Missing = 798 Missing = 456 
No Backward Caste 38,308 23.0 24.7 17,294 19.4 21.3 
Other Backward Caste 64,750 38.8 43.6 35,721 40 43.6 
Schedule Tribe 32,626 19.5 10.1 17,950 20.1 11.8 
Scheduled Caste 31,229 18.7 21.6 18,383 20.6 23.3 
Religion Missing = 0 Missing = 0 
Hindu 126,919 75.7 81.3 69,424 77.3 81.5 
Muslim 25,544 15.2 16.0 13,641 15.2 16.1 
Christian 13,105 7.8 2.0 5,600 6.2 1.7 
Other 2,143 1.3 0.6 1,139 1.3 0.7 
Toilet access Missing = 0 Missing = 0 
No 104,135 62.1 44.2 59,673 66.5 51.6 
Yes 63,550 37.9 55.7 30,117 33.5 48.4 
Water treated before drinking Missing = 26 Missing = 14 
No 92,198 61.9 66.9 53,417 69.8 70.0 
Yes 56,730 38.1 33.1 26,931 30.2 30.0 
Use soap to wash hands Missing = 909 Missing = 501 
No 66,958 40.7 40.7 40,600 45.3 45.3 
Yes 99,844 59.3 59.3 48,703 54.7 54.7 
Finished floors Missing = 0 Missing = 0 
No 85,861 51.2 47.6 51,572 57.4 53.8 
Yes 81,850 48.8 52.4 38,232 42.6 46.2 
Concrete walls Missing = 0 Missing = 0 
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No 55,119 32.9 25.9 32,496 36.2 29.6 
Yes 112,592 67.1 74.1 57,308 63.8 70.5 
Separate area for cooking Missing = 65 Missing = 34 
No 58,373 34.8 43.2 35,068 39.1 48.9 
Yes 109,273 65.2 56.8 54,702 60.9 51.1 
Cooking fuel Missing = 83 Missing = 47 
Solid fuel 112,936 67.4 62.6 66,131 73.7 69.2 
Non-solid fuel 54,684 32.6 37.4 23,623 26.3 30.8 
Geographical Factors       
Location Missing = 0 Missing = 0 
Urban 42,093 25.1 28.9 19,710 21.9 25.4 
Rural 125,618 74.9 71.1 70,094 78.1 74.6 
State Focus Missing = 0 Missing = 0 
Normal 42,676 25.4 43.5 21,450 23.9 39.9 
Northeast 25,128 15 3.9 10,748 12 3.3 
High 87,903 59.0 52.6 57,606 64.1 56.8 
District Priority Missing = 0 Missing = 0 
Normal 118,773 70.8 72.9 61,633 68.6 70.7 
High 48,938 29.2 27.1 28,171 31.4 29.3 
Average CIAF prevalence at district level Missing = 0 Missing = 0 
20 – 39.9% 11,815 7.0 4.8 3,609 4.0 2.8 
40 – 49.9% 26,873 16 13.9 10,880 12.1 10.6 
50 – 59.9% 38,880 23.2 26.5 19,365 21.6 24.5 
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60 – 69.9% 61,251 36.5 38.8 36,387 40.5 42.4 
70 – 79.9% 27,780 16.6 15.6 18,718 20.8 19.2 
80 – 89.9% 1,112 0.7 0.4 845 0.9 0.3 
CIAF: Comprehensive Indicator of Anthropometric Failure; w-%: weighted estimate of 
proportion 
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Table 3.2: Results of weighted logistic regression for the outcome of comprehensive 
index of anthropometric failure in the first 5 years of life based on data from 2015-16 
National Family Health Survey in India 
Risk Factors Unadjusted Adjusted 
OR LCI UCI β OR LCI UCI 
Maternal height: > 5 feet 2 inches Ref  Ref 
4 feet 8 inches to less than 5 feet 2 
inches 1.66 1.59 1.73 0.34 1.41 1.34 1.48 
< 4 feet 8 inches 2.99 2.84 3.14 0.79 2.20 2.07 2.33 
Maternal education: > 10 years  Ref  Ref 
No formal education 2.76 2.65 2.88 0.45 1.56 1.48 1.65 
1-7 years of schooling 1.96 1.87 2.05 0.30 1.35 1.28 1.43 
>7-10 years of schooling 1.46 1.40 1.52 0.17 1.19 1.13 1.25 
Sex: Female Ref  Ref 
Male 1.07 1.04 1.10 0.10 1.10 1.07 1.14 
Preceding birth interval > 24 
months 
Ref  Ref 
<= 24 months 1.07 1.04 1.10 0.23 1.25 1.20 1.31 
Birthweight: > 2500 grams Ref  Ref 
< 1800 grams 2.63 2.40 2.87 0.88 2.42 2.20 2.66 
1800 – 2500 grams  1.72 1.66 1.78 0.46 1.59 1.53 1.65 
Number of Siblings: Zero or One Ref  Ref 
Two or more 1.48 1.43 1.54 0.07 1.07 1.03 1.11 
Low Caste: No Ref  Ref 
Yes 1.41 1.36 1.46 0.14 1.15 1.10 1.20 
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Toilet access: Yes Ref  Ref 
No 1.95 1.89 2.00 0.18 1.20 1.15 1.25 
House at least partially finished: 
Yes 
Ref  Ref 
No 1.72 1.66 1.79 0.12 1.13 1.08 1.18 
Separate kitchen: Yes Ref  Ref 
No 1.48 1.43 1.53 0.07 1.07 1.03 1.12 
Cooking fuel: Non-solid Fuel Ref  Ref 
Solid fuel 1.77 1.71 1.83 0.07 1.08 1.03 1.12 
Uses soap after toilet use: Yes Ref  Ref 
No 1.52 1.47 1.56 0.07 1.08 1.04 1.12 
State Focus: Normal Ref Ref 
Northeast Focus 0.89 0.85 0.94 -0.16 0.85 0.80 0.90 
Other Focus 1.43 1.39 1.48 -0.23 0.80 0.76 0.83 
High Priority District: No Ref  Ref 
Yes 1.28 1.24 1.32 -0.09 0.92 0.88 0.95 
Mean district CIAF%: 20 – 39.9% Ref  Ref 
40 – 49.9% 1.54 1.41 1.69 0.29 1.33 1.21 1.47 
50 – 59.9% 2.22 2.04 2.41 0.60 1.83 1.67 2.01 
60 – 69.9% 3.21 2.96 3.49 0.87 2.40 2.18 2.63 
70 – 79.9% 4.46 4.10 4.86 1.11 3.03 2.75 3.35 
80 – 89.9% 7.51 5.85 9.65 1.64 5.16 3.88 6.86 
Constant    -1.62    
Multivariable c-statistic: 0.68 (optimism-corrected: 0.67) brier score: 0.225 
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Table 3.3: Hosmer-Lemeshow goodness of fit table for 
distribution of observed CIAF prevalence versus forecasted 
prevalence across decile risk groups for undernutrition among the 
children under the age of five from the 2015-16 National Family 
Health Survey in India 
Decile 
Risk 
N Observed 
CIAF% 
Observed-
weighted CIAF% 
Forecasted 
CIAF% 
1 12,924 25.1 25.9 (24.5-27.3) 25.4 
2 12,884 34.1 34.5 (33.1-36.0) 33.5 
3 12,932 39.2 37.9 (36.6-39.2) 39.1 
4 12,878 44.3 44.1 (42.8-45.4) 44.2 
5 12,909  49.7 49.2 (47.9 -50.6) 48.9 
6 12,897 53.8 53.1 (51.9-54.3) 53.6 
7 12,907 58.9 57.9 (56.8-59.0) 58.2 
8 12,902 63.3 63.0 (61.8-64.1) 63.1 
9 12,903 69.1 69.1 (68.1-70.1) 68.7 
10 12,904 77.6 77.3 (76.4-78.2) 77.0 
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Table 3.4:  Model performance and discrimination ability across different sub-groups 
Group N Observed 
CIAF% 
Forecasted 
CIAF% 
Forecasted 
Min Risk 
Forecasted 
Max Risk 
c-
statistic 
Overall 129,040 51.5 51.1 13.6 92.0 0.68 
Child Age       
0-5 months 14,622 50.1 51.8 13.6 91.9 0.63 
6-24 month 53,579 51.9 51.8 13.6 91.9 0.69 
> 24 months 60,839 51.5 50.3 13.6 92.0 0.69 
Location       
Rural 92,693 53.9 53.5 13.6 92.0 0.68 
Urban 36,347 45.5 45.2 13.6 91.0 0.66 
State Focus       
Normal 39,565 49.4 49.0 15.4 92.0 0.66 
Northeast 17,766 40.0 40.3 14.5 84.7 0.66 
High 71,709 55.5 55.0 13.6 91.9 0.68 
District 
Priority 
      
Yes 33,514 55.5 54.3 13.8 92.0 0.68 
No 95,526 50.1 50.0 13.6 91.9 0.67 
 
Chapter IV 75 
 
 
 
 
CHAPTER IV: 
THE EFFECT OF EARLY CHILDHOOD UNDERNUTRITION ON PRE-
ADOLESCENT PHYSICAL GROWTH AND COGNITIVE ACHIEVEMENT: 
RESULTS FROM INDIA’S FIRST NATIONALLY REPRESENTATIVE PANEL 
DATASET 
 
ABSTRACT 
Background: India has the largest number of children aged five years and younger who 
are undernourished and there are no nationally representative estimates for the 
consequences of early child undernutrition on pre-adolescent outcomes. Understanding 
this relationship is helpful to develop interventions that not only prevent child 
undernutrition but also mitigate its consequences. 
Methods: We used the data from two waves of India Human Development, a nationally 
representative panel survey dataset. We identified 7,868 children who were assessed for 
undernutrition during early childhood (0-5 years) in 2004-05 and later re-interviewed 
during their pre-adolescent (8-11 years) years in 2011-12. Early childhood undernutrition 
was assessed using the Composite Index of Anthropometric Failure (CIAF), which 
considered a child to be undernourished if they were either stunted, wasted, or 
underweight as per WHO guidelines. Short stature and thinness during pre-adolescence 
was assessed using height-for-age z score below -2 and BMI below 18.5kg/m2, 
respectively. Reading and arithmetic skills were measured as ordered categories using a 
standardized test widely used in India. We used survey-weighted logistic and ordinal 
logistic regression models to determine the association between child undernutrition and 
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pre-adolescent outcomes. Differential associations of child undernutrition and pre-
adolescent outcomes based on the child’s sex and other sociodemographic covariates 
were assessed using adjusted predicted probabilities derived from models that included 
three-way interactions for child undernutrition, child sex, and the sociodemographic 
variable of interest.  
Results: Early childhood undernutrition increased the odds of short stature and thinness 
in the pre-adolescent period by 73% and 52%, respectively, while it decreased the odds of 
achieving a higher reading and arithmetic score by 20%. The disparity in pre-adolescent 
outcomes based on early childhood nutrition status was higher among older children, 
especially girls. Increased level of female education within the household was the sole 
factor that reduced the disadvantages of undernutrition among female children. 
Discussion: Early child undernutrition is associated with several adverse pre-adolescent 
outcomes, especially among female children. Improved female education is important not 
only for preventing child undernutrition but also for mitigating its consequences on 
physical and cognitive development. Female education promotion should assume a 
central role in Indian public health policy-making. 
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INTRODUCTION 
India has the greatest  number of undernourished children aged 5 years and 
younger worldwide.51 Major national programs and initiatives in India have focused on 
addressing childhood undernutrition by implementing nutrition-specific programs such as 
supplemental food provision, micronutrient fortification for pregnant and lactating 
mothers, and treatment for acute child illnesses.73 Most programs have focused on the 
early childhood period because undernutrition in the first five years of life has been 
shown to lead to a number of adverse physical, social, and economical consequences in 
late childhood, adolescence, and adulthood worldwide.20,39 There is limited empirical 
evidence of its consequences among children living in India, however.91,92 Despite the 
widely documented preference for male children in India,93,94 nationally representative 
data from multiple sources have found that male children are more likely to experience 
undernutrition.30,95,96 However, adult Indian men are considerably taller than Indian 
women and the height-difference between genders is of greater magnitude than western 
countries.97 Similarly, Indian men have higher social and economic capital than Indian 
women.98 For effective implementation of strategies to not only prevent child 
undernutrition in India, but also prevent its adverse consequences, it is important to 
understand how the disadvantages of undernutrition manifests in Indian boys and girls. 
We used data from India’s first nationally representative panel dataset to 
investigate the consequences of undernutrition during early childhood (0-5 years) on 
physical growth and cognitive achievement during the pre-adolescent period (8-11 years). 
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We further assessed whether the observed associations varied by sex and other 
sociodemographic characteristics.  
METHODS 
Data source and sample: The data used in this study is from the two waves of  
the nationally representative surveys of  the India Human Development Survey (IHDS-I: 
2004-05 and IHDS-II: 2011-12).49,50 The IHDS studies were conducted through a 
collaboration between researchers from the University of Maryland and the National 
Council of Applied Economic Research in New Delhi. A detailed description of the 
survey methodology, including information about data collection, funding, and quality 
assurance has been previously documented.47,48 In brief, IHDS-I surveyed 41,554 
households from 33 states and union territories, which were identified using a random 
stratified sampling method for urban and rural settings. IHDS-II surveyed 42,152 
households, including 83% of households that were interviewed during IHDS-I. The data 
are available through the  Inter-university Consortium for Political and Social Research 
(ICPSR) to its members.49,50 We  restricted the present study sample to   children who 
were aged 5 years or younger  in 2004-05 and were re-interviewed when they were aged 
8 to 11 years of age in 2011-12 (Figure 4.1). The distribution of sociodemographic 
characteristics across the full and analytic samples were similar (data not shown).  
Exposure: Undernutrition during early childhood (0-5 years) was assessed using 
the Composite Index of Anthropometric Failure (CIAF) because it is a more 
comprehensive indicator for the overall burden of child undernutrition in a 
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population.10,13 Sex-adjusted z-scores for height-for-age (HAZ), weight-for-age (WAZ), 
and weight-for-height (WHZ) were calculated using the zanthro command in STATA for 
data of children surveyed in IHDS-I during 2004-05. Children with either a HAZ, WAZ, 
or WHZ score below -2 were considered to be positive for CIAF.10,11  
 Study Outcomes: We used IHDS-II data from 8-11-year-old children to construct 
our physical and cognitive outcome variables. We considered two indicators of physical 
growth during the pre-adolescent period (8-11 years): height-for-age z-score(HAZ) and 
Body Mass Index (BMI). We dichotomized HAZ as short stature (z-score below -2) or 
normal stature (z-score of -2 or higher) and BMI as thin (<18.5 kg/m2) and normal (18.5 
kg/m2 or higher). Cognitive achievement was measured using standardized tests .99,100 
The tests measured reading ability, categorized as a five-level variable: cannot read, reads 
letters, reads words, reads paragraphs, and read stories. Arithmetic ability was also 
assessed at four-levels: does not recognize numbers, recognizes numbers, can subtract, 
can divide. The tests were administered in all 12 major languages of India and the 
interviewers were trained by the Pratham NGO to administer the assessments using 
techniques employed by them for Annual Status of Education Report (ASER) surveys.100 
We considered the cognitive achievement outcomes separately as ordinal variables and 
dichotomized them to facilitate comparison across literature: can read paragraphs (yes or 
no) and can subtract (yes or no).  
 Effect modifiers and potential confounding variables: We investigated the 
potentially differential relationships of early childhood nutrition and pre-adolescent 
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outcomes among male and female children across different subpopulations. Although the 
underlying construct behind this investigation focused on the child’s gender, the 
operational definition of the variable was derived from maternal reports of the child’s sex 
in IHDS-I. Rural and urban location was determined based on the census classification of 
the region in IHDS-I while  household caste was based on self-report by the head of the 
household and categorized as General, Other Backwards Caste, or Scheduled 
Caste/Tribe. We categorized monthly expenditure into quartiles (1 = lowest, 4 = highest) 
because previous investigations using the IHDS datasets have used this metric to 
characterize household wealth since  sources of income varies by occupation and setting 
across India.48 We operationalized education as two separate variables: highest male and 
female education in the household (0 = none, 1 = primary (1-5 years), 2 = secondary (>5-
10 years), 2 = > secondary (10+ years). Our decision to consider highest male and female 
education level within the household was based on the cultural context of households in 
India, where joint family structures are favored and there are multiple sources of 
influences for decision-making.101 We also considered household size, religion, type of 
school, child’s age in 2012, age at school enrollment, years of schooling, and absenteeism 
from school as potential confounders. In the IHDS surveys, all household related factors 
were based on interview with the head of the household and child-specific factors were 
based on interview with the child’s mother. 
 Data Analysis: The distribution of the outcome variables and potential effect 
modifiers or confounders with the exposure of early childhood nutritional status was 
tabulated empirically and after accounting for survey design weights. Weighted means 
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and standard error were used to describe the distribution of continuous variables. Crude 
differences in the proportion and means of these variables across early childhood 
nutrition indicators was assessed using chi-squared and t-test for categorical and 
continuous variables, respectively. The association of early childhood undernutrition with 
pre-adolescent physical growth and cognitive achievement were assessed using survey-
weighted logistic and ordinal logistic regression, respectively. Effect estimates were 
adjusted for all potential confounders, except for type of school, age at school enrollment, 
and absenteeism because these factors might lie in the pathway of child undernutrition 
influencing cognitive outcomes. The differential effects of early childhood undernutrition 
on pre-adolescent outcomes based on the child’s sex at different ages, location of 
residence, caste, household wealth, and highest male and female education level in the 
household were assessed using separate multivariable logistic regression models that also 
adjusted for other confounders. We presented the findings as adjusted predicted 
probabilities across different levels. Adjusted predicted probabilities were calculated by 
performing inverse logit transformation of beta coefficients of adjusted models. We used 
STATA postestimation command of contrast to calculate linear polynomial weighted test 
for differences in predicted probabilities of a given outcome between children who were 
undernourished or not, based on their sex across different levels of covariates. All 
analyses were performed in STATA MP 15. 
 Ethics: The IRB at the University of Massachusetts Medical School reviewed the 
protocol and exempted it from full committee review because the publicly available data 
contained no personal identifiable information on survey participants. 
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RESULTS  
Among the 7,868 children eligible for this study, more than one half (57.3%) were 
undernourished in the first five years of life (Table 4.1). Two-thirds of the children lived 
in rural regions and there were more male than female children. Nearly half of the 
children belonged to households where none of the females attended any formal 
schooling (48.1%). Early childhood undernutrition was associated with nearly all 
potential confounders and effect modifiers. Table 4.2 presents the distribution of physical 
and cognitive outcomes among 8-11-year-old children. Almost half of the children could 
read paragraphs (52.4%) and subtract (45.5%).  
The association of early childhood undernutrition and child sex with short stature 
(HAZ < -2) and thinness (BMI < 18.5 kg/m2) during the pre-adolescent period is 
presented in Table 4.3. After adjusting for several potentially confounding variables, 
early childhood undernutrition increased the odds of short stature and thinness by 73% 
and 52%, respectively. Female children were more likely to have short stature in 
comparison with male children. After adjusting for several potential confounders, 
children who were undernourished during early childhood had 24% and 28% lesser odds 
of achieving a higher category of cognitive achievement in reading and arithmetic, 
respectively, during their pre-adolescent period (Table 4.4). In comparison with male 
children, female children performed similarly on the reading test but had 21% decreased 
odds of achieving a higher arithmetic score. 
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The increased risk of early childhood undernutrition on pre-adolescent stature 
differed by child sex, child age, and highest male and female education within the 
household (Figure 4.2A). The adjusted predicted probability of short stature for 
undernourished female children increased from 31.0% among 8-year olds to 45.0% 
among 11-year olds. In contrast, the probability of short stature among undernourished 
male children or well-nourished children fluctuated over time but increased by less than 
5% from age 8 to 11. Increasing levels of highest male and female education within the 
household mitigated the disadvantage of early childhood undernutrition on short stature, 
especially among female children living in households with higher level of female 
education. There were no discernible differences for the probability of short stature 
between undernourished and well-nourished female children belonging to households 
where the highest level of female education was secondary or higher. This observation of 
higher female education mitigating the risk of early childhood undernutrition on short 
stature during pre-adolescent period was also observed for BMI (Figure 4.2B).  
The ability of 8-11-year-old children to read paragraphs increased with age but 
this improvement differed by sex and early childhood nutritional status (Figure 4.3A). 
Among eight-year-olds, there was no statistically significant difference in the ability to 
read paragraphs between well-nourished and undernourished female children (p = 0.39) 
while undernourished male children were significantly less likely to be able to read in 
comparison to well-nourished male children (p = 0.01). However, this pattern was 
reversed among eleven-year-olds such that early childhood undernourishment was 
associated with a lower probability to read paragraphs among female (p <0.01) but not 
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male children (p = 0.17). Increasing levels of male education within the household 
improves the probability of male and female children to be able to read paragraphs but 
the disadvantage of early childhood undernutrition persists. In contrast, increasing levels 
of female education within the household diminished the disadvantage of early childhood 
CIAF on reading ability among female children.  
Similar to reading ability, the ability to subtract increases with age and higher 
levels of male and female education (Figure 4.3B). However, there is a greater increase 
for male children than female children. Disadvantage of early childhood undernutrition 
on ability to subtract during pre-adolescent years is observed across all subgroups 
regardless of child sex, except for households where at least one female has attended 
more than 10 years of schooling (p = 0.30). Results of additional analyses for the 
association of early childhood undernutrition with pre-adolescent physical and cognitive 
outcomes based on the child’s sex and location of residence, household caste, and 
household wealth are presented in Appendices 4.1 and 4.2. These results suggest that the 
association of early childhood undernutrition and adverse pre-adolescent consequences 
were stronger among children who lived in rural regions, belonged to scheduled caste or 
tribe households, and were in a lower quartile of household wealth. 
DISCUSSION 
 In this analysis of the first nationally representative panel dataset from India, we 
found that early childhood undernutrition was adversely associated with a number of 
physical and cognitive outcomes during the pre-adolescent period. Our findings suggest 
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that CIAF as an indicator of early childhood undernutrition is consistently associated with 
the consequences experienced by children later in the childhood. We observed that the 
association between early childhood undernutrition and anthropometric status persists 
throughout the pre-adolescent period, and 11-year old female children with a history of 
undernourishment face an even greater risk of having short stature in comparison to 
eight-year-olds. Not surprisingly, we observed that children’s ability to read paragraphs 
and subtract improves with age. However, our results reveal that the magnitude of those 
improvements differ by child sex and early childhood undernutrition status. Lastly and 
most importantly, our findings suggest that increasing the highest female education level 
within the household may help overcome the disadvantage of early childhood 
undernutrition for physical and cognitive outcomes during pre-adolescence, especially 
among female children. Increased male education level within the household did not 
consistently appeared to mitigate the disadvantage of early childhood undernutrition for 
male and female children.  
 Our findings are consistent with previous community-based investigations of the 
consequences of child undernutrition in  India and other geographic settings  that have 
shown an association between early childhood undernutrition with shorter height in pre-
adolescent, adolescent, and adult periods.39 An 18-year longitudinal study of children 
from rural India showed that differences in pre-pubertal heights were maintained during 
adulthood.102  
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Female children in India experience the most rapid height growth between the ages of 8 
and 11 years old.103 Therefore, our observation of an increasing probability of short 
stature over time among female children with a history of early childhood undernutrition 
is of  concern because it might lead to  short stature in adulthood.  A community-based 
longitudinal investigation of child height based on nutritional status also supports our 
finding that the disadvantage of undernutrition among females does not manifest until 
later ages.104 Female children in India are breastfed less than male children;105,106 They 
also have lower dietary diversity than male children and this disparity widens during the 
early adolescent period.107 On average, parents spend less time with their female children 
in comparison with their male offspring  in India.106 Female children are more likely to 
terminate schooling early and get co-opted by parents to contribute to household and 
babysitting activities.108,109 These observations might underlie our finding of sex-based 
disparities in short stature that were exacerbated by early childhood nutritional status. 
 Our results indicate that female sex and early childhood undernutrition are 
associated with poorer reading and arithmetic ability in later years. This finding is 
corroborated by other studies, which have found that early childhood undernutrition not 
only leads to deficits in academic achievement, but also adversely affects psychosocial 
competencies that are predictive of adult educational and productivity outcomes.110–112 
Because maternal height, maternal BMI, and maternal education are the most important 
predictors of undernutrition in the first five years,14,16,30,69 our findings highlight the 
intergenerational nature of undernutrition. We observed that adverse consequences of 
child undernutrition are more prominent in females. Subsequently, children of these 
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women who are more likely to be short-statured, thin, and less educated, face an 
increased risk of undernutrition. Our finding that increasing the level of female education 
within the household mitigates the consequences of early childhood undernutrition 
among female children may be key to overcoming this vicious cycle.  
It is important to understand why higher female education in the household 
protects against the adverse consequences of early childhood undernutrition. Mothers in 
India are expected to fulfill household, occupational, and child-rearing responsibilities 
while receiving limited family support, placing considerable  constraints on their ability 
to effectively care for their children.108 Within this context, several interrelated 
mechanisms may help explain the importance of female education. First, increased 
female education may allow women in the household to negotiate family dynamics and 
experience greater autonomy in decision making.113–115 Increased maternal autonomy is 
associated with improved nutrition and vaccination status among Indian children.40,116,117 
Second, increased maternal education is associated with better recognition of the 
nutritional  status of their children in India and might facilitate a timely intervention.76,118  
Third, presence of a female with a higher education level within a household is associated 
with more equitable preferences for gender roles and may reduce the expectation of 
female children to participate in household chores.108,109 Fourth, women of reproductive 
age in India who have higher levels of education are better prepared to cope with stress, 
mitigating risk of developing depressive symptoms.119 Data from India and other 
countries show that maternal depressive symptoms significantly increases the risk of 
early child undernutrition and development.120–122  
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Nutrition-sensitive interventions to promote child growth and development are 
likely to continue having a less than desirable effect if the children’s’ primary advocate, 
their mother, continues to carry a disproportionate share of responsibilities and face 
gender-based discrimination. Female disadvantage in India begins even prior to birth in 
the form of sex selective abortions.123 The ratio of male to female children under the age 
of five has increased from 1.04 in 1992 to 1.09 in 2015 (authors’ calculation of National 
Family and Health Survey data).43,46 The  Indian government piloted “Save the daughter, 
Educate the daughter” campaign in 2015 among select regions that included a gender-
equality awareness campaign and subsidies to promote female retainment in schools.124 A 
recently published interrupted time series analysis of this intervention in the state of 
Haryana demonstrated a drastic reduction in the male to female sex birth ratio 
disparity.125 It remains to be seen whether this intervention has a sustained impact on the 
sex birth ratio and in the female education status, but it is important for India to prioritize 
similar initiatives on a more broad basis. Considering that evidence suggests that higher 
female education leads to economic and social empowerment of women and a more 
equitable male to female ratio at birth,126,127 promotion of education for women should 
assume a central role in Indian public health policy-making. 
The findings of our study should be considered in the context of its limitations. 
We measured exposure at a single timepoint, increasing the likelihood for time-varying 
misclassification. It is possible that a child classified as well-nourished may become 
undernourished. The likely consequence of such misclassification is an underestimation 
of the effect of undernutrition on consequences during pre-adolescence. Because we were 
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interested in examining the consequences of ever being undernourished during early 
childhood, the reverse scenario of misclassifying a child as undernourished, who later 
recovers within the first five years, is of a lesser concern for the validity of our findings. 
Results from smaller, community-based studies that measured undernutrition at multiple 
time-points during early childhood corroborate our findings, suggesting that findings of 
our study are unlikely to be due to classification error.128 As with all observational 
studies, we cannot rule out the possibility of residual confounding. However, the 
consistent pattern of physical and cognitive deficits based on child’s sex and poor early 
nutrition, suggest that any variable which might be able to diminish the association 
observed is likely to be closely linked with the constructs of gender-based discrimination 
and disadvantages of early childhood nutrition.  
In conclusion, our findings offer important insights regarding undernutrition and 
its consequences in India and highlight possible solutions to overcome this intransigent 
crisis. We demonstrate that improved female education is important not only for 
preventing child undernutrition but also for mitigating its consequences on physical and 
cognitive achievement. It is also likely that this protection from adverse consequences, 
diminishes the risk of undernutrition among the next generation of undernutrition because 
pre-adolescent physical and cognitive status are strong predictors of adult stature and 
education level. Thus, elevation of women’s status through improved female education 
should lie at the core of national level programs and initiatives to improve maternal and 
child health. 
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Table 4.1: Summary statistics of eligible children from the India Human 
Development Survey according to their early childhood nutritional status 
 Overall Undernourisheda 
  N w-%b n w-%b pc 
Number of Children 7,868 100.0 4,334 57.3 -- 
Location missing = 0 
Urban 2,354 24.3 1,143 21.4 
<0.01 
Rural 5,514 75.6 3,191 78.6 
Sex missing = 0 
Male 4,199 52.8 2,305 52.0 
0.32 
Female 3,669 47.2 2,029 48.0 
Household (HH) Size missing = 0 
4 or less 1,576 19.3 819 18.8 
0.62 5-6 people 2,700 34.1 1,534 34.6 
> 6 people 3,592 46.6 1,981 46.6 
Monthly Spending Quartile in 2005 missing = 3 
1 (Lowest) 2,000 26.7 1,287 31.0 
<0.01 
2 2,003 27.7 1,169 29.0 
3 1,932 24.7 1,008 23.0 
4 (Highest) 1,930 20.8 867 17.0 
Highest Male Education in 2005 missing = 158 
None 1,667 23.7 1,064 27.8 
<0.01 
Primary (1-5 years) 1,211 16.4 741 18.1 
Secondary (6-10) 3,059 37.1 1,637 35.5 
Higher Secondary+ (>10) 1,773 22.8 803 18.6 
Highest Female Education in 2005 missing = 40 
None 3,428 48.1 2,133 54.0 
<0.01 
Primary (0-5 years) 1,165 13.9 688 14.4 
Secondary (6-10) 2,282 27.6 1,100 23.9 
Higher Secondary+ (>10) 953 10.4 394 7.7 
Caste missing = 83 
General 2,026 24.2 976 21.3 
<0.01 Other Backwards Caste 3,277 44.2 1,826 44.0 
Scheduled Caste/Tribe 2,482 31.6 1,490 34.7 
Religion missing = 0 
Hindu 6,282 81.1 3,483 81.1 
0.96 
Non-Hindu 1,586 18.9 851 18.9 
Child Age in 2011-2012 missing = 0 
8 1,798 22.8 910 21.2 
 0.04 
9 1,979 25.0 1,124 25.8 
10 2,345 30.0 1,335 30.7 
11 1,746 22.5 965 22.3 
Age in Years at School Enrollment  missing = 576 
Weighted Mean, SE 5.01 1.33 5.09 0.04 <0.01 
School Type missing = 228 
Government 4,794 65.8 2,784 69.3 
<0.01 
Private 2,846 34.2 1,411 30.7 
Years of schooling missing = 2 
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Weighted Mean, SE 3.26 0.04 3.15 0.05 <0.01 
Days/month absent from school missing = 31 
Weighted Mean, SE 3.69 0.10 3.56 4.79 0.01 
a: Assessed using Composite Index of Anthropometric Failure (if child was 
either stunted, wasted, or underweight) 
b: weighted %;  
c: differences in weighted proportion or means by undernutrition status 
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Table 4.2: Distribution of pre-adolescence cognitive and physical outcomes of 
eligible children from the India Human Development Survey eligible for this study 
Exposure Variable Overall Undernourisheda 
  N w-%b n w-%b pc 
Number of Children 7,868 100.0 4,334 57.3 -- 
Reading level in 2011-12 missing = 1,434 
Cannot read 667 11.8 416 13.8 
<0.01 
Recognizes letters 891 14.6 572 16.5 
Reads words 1,294 21.3 742 22.2 
Reads pargraphs 1,249 19.5 665 19.3 
Reads stories 2,333 32.9 1,142 28.2 
Math Level in 2011-12 missing = 1,454 
Does not recognize numbers 990 17.1 640 20.5 
<0.01 
Recognizes numbers 2,262 37.4 1,377 40.6 
Subtracts 2,001 29.5 996 26.1 
Dvides 1,161 16.0 518 12.8 
BMI Category in 2011-12 missing = 1,239 
Grade 3 thinness (<16 kg/m2) 576 8.1 375 9.5 
<0.01 
Grade 2 thinness (16 to <17) 776 11.2 487 12.4 
Grade 1 thinness (17 to <18.5) 1,759 27.1 1,051 30.1 
Normal Weight (18.5 to <25) 2,937 45.0 1,473 40.6 
Overweight (25 to <30) 364 5.3 158 4.3 
Obese (30 or higher) 217 3.3 115 3.1 
Sex-adjusted HAZ score in 2011-12 missing = 988 
< -2 SD below mean 5,098 72.6 2,740 67.7 
<0.01 
≥-2 below mean 1,782 27.4 1,243 32.4 
a: Assessed using Composite Index of Anthropometric Failure (if child was either 
stunted, wasted, or underweight) 
b: weighted percentage 
c: differences in weighted proportion or means by undernutrition status  
d: Height-for-age z  
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Table 4.3: Results of bivariate and multivariable survey-weighted logistic regression for 
the association between children's nutritional status in first five years and their physical 
growth at age 8-11 as measured by based on data collected during the two waves of India 
Human Development Survey (2004-05 & 2011-12) 
  unadjusted adjusteda 
A) Short Statureb in 2011-12 OR LCI UCI OR LCI UCI 
Undernourishedc in 2004-05 (ref: No) n = 6,880 n = 6,650 
Yes 1.85 1.56 2.19 1.73 1.45 2.06 
Child sex (ref: male) n = 6,880 n = 6,650 
Female 1.37 1.17 1.60 1.37 1.17 1.60 
B) BMI < 18.5 kg/m2 in 2011-12 OR LCI UCI OR LCI UCI 
Underonourished c in 2004-05 (ref: No) n = 6,629 n = 6,419 
Yes 1.66 1.46 1.89 1.52 1.33 1.73 
Child sex (ref: male) n = 6,629 n = 6,419 
Female 1.02 0.89 1.17 0.99 0.86 1.14 
OR: Odds Ratio; LCI: Lower Confidence Interval; UCI: Upper Confidence Interval;  
a: all three models were adjusted for the same covariates: state focus classification, rural or 
urban residence,  household size, expenditure tertile, highest male and female education, 
caste, religion, and child age in 2012. 
b: short stature as defined by height-for-age z score below -2 
c: Assessed using Composite Index of Anthropometric Failure (if child was either stunted, 
wasted, or underweight) 
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Table 4.4: Results of bivariate and multivariable survey weighted ordinal logistic regression models 
for association between children's nutritional status in first five years and their cognitive ability at 
age 8-11 based on data collected in the two panels of India Human Development Survey 
  unadjusted adjusted 
A) Reading score b in 2011-12 Cum. OR LCI UCI Cum. OR LCI UCI 
Undernourishedd in 2004-05 (ref: No) n = 6,434 n = 6,153 
Yes 0.64 0.55 0.73 0.76 0.66 0.87 
Child sex (ref: male) n = 6,434 n = 6,153 
Female 0.96 0.85 1.09 1.01 0.97 1.14 
B) Mathematics score c in 2011-12 Cum. OR LCI UCI Cum. OR LCI UCI 
Undernourishedd in 2004-05 (ref: No) n =6,414 n = 6,135 
Yes 0.57 0.50 0.65 0.72 0.63 0.82 
Child sex (ref: male) n = 6,414 n = 6,1.35 
Female 0.79 0.69 0.90 0.79 0.69 0.90 
cumOR: Cumulative Odds Ratio; LCI: Lower Confidence Interval; UCI: Upper Confidence Interval;  
a: all three models were adjusted for the same covariates: state focus classification, rural or urban 
residence, child sex, household size, expenditure tertile, highest male and female education, caste, 
religion, type of school, and child age in 2012;  
b: 0-4 score: 0 - cannot read, reads letters, reads words, reads paragraphs, and 4-reads stories 
c: 0-3 score: 0 - does not recognize numbers, can count, can subtract, and 3-can divide 
d: Assessed using Composite Index of Anthropometric Failure (if child was either stunted, wasted, 
or underweight) 
 
Chapter IV            96 
 
 
 
  
Chapter IV            97 
 
 
 
 
Chapter V 98 
 
 
 
 
CHAPTER V: 
DISCUSSION 
Purpose and Specific Study Questions 
 This dissertation was undertaken to enhance the evidence base on child 
undernutrition in India. Specifically, this work was motivated by following multi-part 
research questions concerning trends, predictors, and consequences of child 
undernutrition in India: 
Aim 1 Trends: How did the prevalence of chronic, acute, and overall child 
undernutrition in India change from 1992 to 2015? 
a. Did the rate of reduction in chronic, acute, and overall child undernutrition 
prevalence differ before and after the implementation of the National Rural 
Health Mission (NRHM) in 2005? 
b. Did the difference in rate of reduction in chronic, acute, and overall child 
undernutrition prevalence before and after the implementation of the NRHM, vary 
by states’ classification as normal focus, high focus, or northeast focus? 
c. Did disparities in the prevalence of chronic, acute, and overall child 
undernutrition based on child’s household wealth, maternal education, caste, 
rural/urban residence, and sex change over the course of the study period? 
d. Did the changes in socioeconomic disparities vary between normal and high focus 
states? 
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Aim 2 Predictors: Is it possible to develop a predictive model to estimate the risk of 
child undernutrition at the time of birth? 
a. Does the predictive model perform discriminate between cases and non-cases and 
accurately classify the outcomes? 
b. Does the predictive model perform adequately across different subpopulations? 
Aim 3 Consequences: Does experiencing undernutrition in childhood adversely affect 
physical and cognitive status during pre-adolescent years? 
a. Were the children who were undernourished in first five years of life, more likely 
to have short stature (height-for-age z score below -2) and be thin (body mass 
index below -2)? 
b. Were the children who were undernourished in first five years of life, less likely 
to have a higher score on reading and arithmetic test? 
c. Did the association between child undernutrition and pre-adolescent outcomes 
vary by child sex and age? 
d. Was the association between child undernutrition and pre-adolescent outcomes 
modifiable based on other sociodemographic characteristics, were these 
modifications dependent on child sex? 
This research is warranted because of the intransigent crisis of child 
undernutrition in India.16,27,29,30 India’s commitment to improving nutrition ranks 30th out 
of 45 nations with alarming undernutrition status, according to a global index that 
considers a nation’s legal landscape, public policies, and public expenditure.129 A major 
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determinant of India’s poor performance on this index is a lack of multisector policy 
coordination and time-bound nutrition targets.129  
In 2015, Dr. Arvind Panagariya was appointed as the founding vice chair of 
National Institute for Transforming India (NITI Aayog: Hindi word for policy 
commission), an entity developed by the Indian government to develop a “15-year road 
map” and “7-year vision, strategy, and action plan”. Underscoring the importance of Dr. 
Panagariya’s position, the only person who held a higher position than him in NITI 
Aayog was the prime minister of India, who was the chairperson. Within this context, it is 
alarming that Dr. Panagariya and other Indian economists have challenged the attention 
provided to child malnutrition in India.130 They question the underlying statistics and 
methodology used to derive estimates of undernutrition and contend that the high burden 
is an artefact because Indian children are intrinsically shorter and smaller than the rest of 
the world’s child population.130–133  Citing improvements in infant mortality that has 
coincided India’s macroeconomic growth, Dr. Panagariya has advocated for a focus on 
business sector to promote economic growth and reduce poverty. However, evidence 
from India and other countries have consistently demonstrated that direct investments are 
needed to improve child nutrition.134–136  
Evidence from India has suggested that increased per capita income has a null 
association with improvements in the prevalence of stunting, primarily because of 
unequal and non-inclusive growth that predominantly benefitted already well-off 
households.78,136Although Dr. Panagariya’s resignation from the NITI Aayog to resume 
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his academic position in 2017 has coincided with a renewed focus on child nutrition in 
India, it is critical to establish a robust evidence-base for trends, predictors, and 
consequences of child undernutrition in India to sustain policymaking and 
implementation of national level programs that focus on nutrition. 
Summary of Results 
 In aim 1, we examined trends of chronic, acute, and overall undernutrition in 
India from 1992 to 2015 and compared the trends before and after the implementation of 
the NRHM in 2005 based on different classification for states. Based on these series of 
nationally representative cross-sectional datasets, we found that different types of child 
undernutrition changed at different rates during the study period. Because acute 
undernutrition changed at a faster rate in the high and northeast focus states during the 
post-NRHM period in comparison to normal focus states, our results suggests that the 
NRHM programs and policies might have been effective at addressing acute child 
undernutrition. Reducing rural-urban and wealth-based disparities for acute child 
undernutrition among high focus states after 2005 further supports this claim. In contrast, 
our results suggest that NRHM did not have any effect on chronic or overall child 
undernutrition with normal focus states having a faster rate of decline after the 
implementation of the NRHM. We believe one of the reasons for this counterintuitive 
finding is the higher socioeconomic status of households living in normal focus states. 
The analyses presented in this dissertation did not specifically evaluate factors 
attributable for changes in reduction rates of child undernutrition. However, considering 
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that disparities in chronic undernutrition increased despite the overall decline in the 
prevalence of child undernutrition, it is likely that chronic undernutrition is more 
sensitive to distal, socioeconomic determinants. We observed a steady decline in overall 
undernutrition that did not vary after the implementation of the NRHM or across different 
state focus classification. 
 In aim 2, we used a nationally representative dataset to develop a predictive 
algorithm for identifying newborns at risk of being undernourished in the first five years 
of life. The model had reasonable ability to discriminate between cases and non-cases. 
The model classified cases and non-cases accurately, with expected prevalence matching 
observed prevalence, within the measuring error estimate, for each of ten groups of risk 
score. The model was internally validated using 200 bootstrapped samples, each 
representing half of the overall sample. Performance metrics were corrected for optimism 
that results from using the same source of data for model-building and validation. The 
final model performed better for forecasting undernutrition after 6 months. However, the 
model’s performance was similar based on child sex, rural vs. urban residence, or 
regional priority of the child’s residence. In each subgroup, there were children with < 
15% probability and > 90% probability of being undernourished, highlighting the 
heterogeneity that exists in child undernutrition within different regions of India. 
 In aim 3, we used India’s only nationally representative panel dataset to examine 
the effects of early childhood undernutrition on pre-adolescent physical and cognitive 
outcomes. We observed that undernourished children, based on CIAF status, were 73% 
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more likely to have short stature (HAZ score below -2) and 52% more likely to be thin 
(BMI < 18.5 kg/m2). Undernourished children were also 25% and 30% less likely to 
achieve a higher score on their reading and writing ability, respectively. These adverse 
consequences of child undernutrition varied based on child sex, age, levels of male and 
female education within the household, caste, location of residence, and household 
wealth. Overall, female children experienced worse outcomes than male children, except 
for those who lived in households where at least one female had attended school for more 
than 10 years. Among these households, undernourished female children did not 
experience a greater risk for adverse pre-adolescent outcomes in comparison to 
undernourished male children or well-nourished female children, suggesting that higher 
levels of female education within a household may help its female children overcome the 
gender and nutrition-based disadvantage observed in India.  
Implications 
Before discussing implications of this dissertation, it is important to note a salient 
observation that emerges from our results. Child undernutrition as measured using WHO 
reference growth curves represents a risk for optimal child growth and development. 
Indicators of child undernutrition, including CIAF, provide meaningful information about 
child health and are not a statistical aberration as posited by Dr. Panagariya and his 
fellow economists. Taken together, the results presented in this dissertation have two 
important implications for India’s goal of addressing child undernutrition. First, a short-
term strategy of addressing proximal determinants of child undernutrition should be 
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complemented by an evidence-based mechanism for prioritizing the infants most at risk 
for child undernutrition instead of a region-based prioritization. Second, a long-term 
strategy for addressing underlying determinants of child undernutrition to produce a 
sustainable improvement must focus on elevating women’s status by promoting female 
child undernutrition. Below, we present a discussion for how each of these implications 
align with existing national programs and policies. 
Short-term strategy – improving provision of services to the neediest population: 
The 2018 National Nutrition Mission (NNM) launched by India attempts to increase 
convergence among existing nutrition-related programs and improve their cohesion in an 
effort to reduce prevalence of child stunting to 25% by 2025.71 The mission document of 
the NNM features an emphasis on leveraging the frontline health workers (FHW) and 
mobile technology to more effectively deliver nutrition related programs and their 
services to the eligible beneficiaries.71 However, the implementation framework builds on 
strategies used for launching previous national programs focused on health and nutrition 
and prioritizes high focus states and high priority districts.  
We demonstrated that an alternate approach of prioritizing using an individual-
level predictive algorithm is feasible. Our results also highlight the unintended 
consequences of adopting a strategy that prioritizes populations for health and nutritional 
intervention at a regional level. For example, we observed that acute undernutrition 
increased among normal focus states that did not receive as much attention after the 
implementation of the NRHM as high or northeast focus states did. Additionally, we 
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found that in 2016, children living in normal priority states or districts had increased odds 
of being undernourished in comparison to children living in high priority regions if all 
other variables were accounted for. Instead, an implementation strategy that prioritizes a 
region based on aggregate score from the individual-level predictive model and further 
allows for a rigorous follow up by the FHW for the most at-risk infants might be more 
effective in delivering the resources to the neediest beneficiaries.  
One mechanism for achieving this goal is to integrate the predictive algorithm in 
the Mother and Child Tracking System, a web-based portal that is used by the FHWs to 
register pregnancies, births, and anthropometric measurements during childhood.89 The 
NNM plans to provide mobile tablets to all FHWs to lower the burden of data collection 
and entry. This opportunity to incorporate a risk prediction score within the existing 
tracking system can facilitate a data-driven approach for improved decision making by 
FHW, supervisory, and managerial health officials. In short-term, this strategy can help 
address the proximal determinants of child undernutrition, i.e. dietary intake, appropriate 
infant and young child feeding practices, disease prevention, and improved water and 
sanitation hygiene.  
Long-term strategy – elevating women’s status by promoting female education: 
Our results also suggest that higher female education was associated with not only lower 
odds of being undernourished, but also diminished odds of undernourished children to 
experience adverse physical and cognitive outcomes during pre-adolescence years. 
Considering that within India 1) pre-adolescent physical and cognitive status is indicative 
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of adult stature and academic achievement and 2) maternal stature and education are the 
strongest predictors of child undernutrition, improving female education might be the 
most critical intervention for addressing child undernutrition. In his 1996 commentary 
titled, “the Asian Enigma”, Dr. Vulimiri Ramalingaswami and his colleagues were 
prescient in recognizing the role of gender equality in India as the key for attaining 
improvements in child undernutrition.42 The UNICEF-funded group commented on the 
disproportionately high prevalence of child undernutrition in India by further adding, 
“This issue of gender equality is not amenable to any kind of technical fix, but still it can 
be said that the most powerful of all interventions, the 'key of keys', is the education of 
girls.”42  
Indian government recently launched a program (Beti Bachao Beti Padhao (B3P): 
hindi phrase for “save the daughter, educate the daughter”) to increase awareness about 
gender inequalities and provide specific incentives to families for giving birth to and 
educating a female child.124 Early indicators suggest that this program, which recruits 
celebrities to increase awareness about female foeticide and provides monetary support 
for female child’s healthcare and education, has improved the child sex ratio at birth in 
the communities where the intervention was implemented.125 Recognizing the importance 
of gender equality, especially amidst a child sex ratio that continues to skew more 
towards male children, national programs should have an explicit component that benefits 
female children and provides incentives for parents to further their education instead of 
co-opting them for household responsibilities.  
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Future Research Directions 
 This dissertation raises a number of interesting questions that merit further 
research. In this concluding section, we propose logical next investigative steps that can 
make an impact on child nutrition at a population level in India.  
In Aim 1, we examined the trends of child undernutrition in the context of the 
NRHM and the focus classification of the state. Subsequent studies that decompose the 
trends of child undernutrition and identify changes in proximal and distal factors which 
were most strongly associated with reduction in child undernutrition can help inform 
India’s broader strategy for addressing child undernutrition. Similarly, a closer 
examination of what factors are associated with reduction in disparities is needed to 
identify interventions that can promote child health equity.  
Integrating a new algorithm in an existing medical information system such as 
Mother and Child Tracking System requires pilot-testing, adaptation, and implementation 
studies to support scaling up to state and national level. The first immediate step would 
be to deploy the algorithm at a village or district level to evaluate the performance of the 
algorithm in real-world setting. The ability to collect serial child anthropometric data and 
other important risk factors such as breastfeeding duration and frequency, timing of 
complementary food introduction, and subsequent pregnancies among mothers can help 
train the base model presented in this dissertation. Additionally, a pilot study can provide 
information about the onset of child undernutrition. Together, the extra information about 
risk factors and timing of outcome can inform development of a dynamic risk score that 
changes over time as more information is obtained about the child growth. Subsequently, 
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there could be a paradigm shift in the actions of FHW from a reactionary to an 
anticipatory approach for preventing child undernutrition.  
 Results from Aim 3 suggested that children living in households where at least 
one of the females had studied for more than ten years were less likely to experience 
adverse consequences of child undernutrition during pre-adolescent years in comparison 
to other children. In chapter IV, we discuss some reasons why higher female education 
might help adverse consequences of child undernutrition. Future efforts to better 
understand the underlying mechanisms through which higher female education is 
beneficial to child growth and development is important to inform efforts to empower 
reproductive-aged women who did not achieve higher levels of formal education. In 
addition to the B3P program, which focuses on reducing female foeiticide and promoting 
female education among female children, there are two existing programs that hold the 
promise to impact adolescent and young mothers who have low levels of education: 
SABLA and Mother’s Absolute Affection (MAA).70,137 Both of these programs feature a 
support group that is facilitated by FHWs, who use standardized modules to generate 
discussions about topics that affect women in their respective circumstances. There is 
limited evaluation of these programs but a recurrent weakness that emerges is that FHWs 
themselves often lack life and problem-solving skills that are being discussed through the 
modules.138,139 Therefore, novel approaches such as storytelling that tap into existing 
sociocultural wisdom of the communities on this topic are needed to enhance the 
effectiveness of SABLA and MAA. 
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 In conclusion, this dissertation provides an updated assessment of child 
undernutrition in India, presents a short-term and long-term strategy for addressing this 
public health crisis, and identifies tangible next steps to improve child health and 
nutrition in India. 
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APPENDICES 
Appendix 2.1: Weighted distribution of eligible children under the age of 3 measured for undernutrition in Indian National Family Health Surveys from 1992 to 
2015 
  All States Normal Focus High Focus Northeast Focus 
  1992 1998 2005 2015 1992 1998 2005 2015 1992 1998 2005 2015 1992 1998 2005 2015 
Number of Children 
     
18,396  
     
22,390  
     
22,442  
   
124,224  
       
7,504  
       
8,607  
       
8,025  
     
29,982  
       
8,335  
     
10,530  
       
9,990  
     
75,799  
       
2,557  
       
3,253  
       
4,427  
     
18,443  
Wealth Quintile                                 
1 (Poorest) 21.7 21.8 25.3 24.8 8.3 15.0 14.2 8.9 30.6 29.1 33.5 36.8 25.2 20.4 21.1 25.1 
2 21.0 21.7 22.2 22.1 10.1 17.8 17.6 18.1 27.4 25.1 24.7 24.0 31.0 29.0 33.5 38.4 
3 18.9 20.4 19.7 20.2 21.2 20.8 21.2 24.8 17.1 19.5 18.2 16.6 21.8 26.2 24.2 19.8 
4 21.2 19.9 18.6 18.4 32.3 24.2 25.1 26.5 14.4 15.4 14.3 12.7 13.8 17.8 13.7 11.7 
5 (Richest) 17.2 16.3 14.3 14.6 28.1 22.1 21.8 21.7 10.6 10.9 9.4 9.9 8.2 6.7 7.5 5.1 
Mother Education                                 
None (0 years) 63.8 52.8 48.7 28.5 46.4 39.0 30.8 14.0 76.5 67.7 62.3 40.2 56.2 45.3 35.5 19.3 
Primary (1-5 years) 11.3 15.8 13.7 13.4 15.0 18.5 14.9 11.9 8.2 12.6 12.3 14.4 16.9 21.1 20.5 17.1 
Secondary+ (>5 years) 24.9 31.4 37.7 58.1 38.6 42.4 54.3 74.1 15.3 19.7 25.4 45.4 26.9 33.6 44.0 63.6 
Rural 76.8 76.2 75.6 72.5 64.4 68.4 64.8 59.6 84.2 83.4 82.4 81.5 87.0 88.5 86.6 85.8 
Female 49.5 48.2 47.7 48.2 49.4 48.1 47.2 48.5 49.6 48.3 48.0 48.0 51.0 48.9 49.2 48.7 
1st Born 24.1 27.3 29.1 37.3 28.6 32.9 36.3 43.7 21.2 21.4 23.6 32.2 23.5 26.9 33.7 40.8 
Hindu Religion 77.4 79.4 78.3 78.6 73.1 76.3 74.3 76.0 82.7 84.7 83.4 82.7 54.4 47.0 50.9 46.9 
Mean Child Age in 
Months (SE) 
17.1 
(0.09) 
17.4 
(0.08) 
18.1 
(0.08) 
18.2 
(0.04) 
17.5 
(0.11) 
17.7 
(0.12) 
18.7 
(0.12) 
18.5 
(0.07) 
16.7 
(0.13) 
17.1 
(0.10) 
17.8 
(0.11) 
18.0 
(0.04) 
17.5 
(0.28) 
17.0 
(0.27) 
17.8 
(0.30) 
18.2 
(0.11) 
Mean Birth Order  
(SE) 
3.1 
(0.02) 
2.8 
(0.02) 
2.8 
(0.02) 
2.2 
(0.01) 
2.7 
(0.03) 
2.4 
(0.02) 
2.2 
(0.03) 
1.8 
(0.01) 
3.4 
(0.03) 
3.3 
(0.03) 
3.2 
(0.03) 
2.5 
(0.01) 
3.4 
(0.08) 
3.0 
(0.05) 
2.7 
(0.08) 
2.2 
(0.02) 
Mean Age at First 
Marriage (SE) 
16.9 
(0.03) 
17.0 
(0.04) 
17.2 
(0.04) 
19.5 
(0.04) 
17.4 
(0.06) 
17.5 
(0.06) 
17.9 
(0.06) 
20.0 
(0.07) 
16.5 
(0.05) 
16.4 
(0.04) 
16.6 
(0.05) 
19.1 
(0.04) 
17.6 
(0.15) 
18.2 
(0.15) 
18.4 
(0.20) 
20.8 
(0.12) 
Mean Maternal Age 
(SE) 
26.0 
(0.06) 
25.2 
(0.05) 
25.6 
(0.06) 
26.0 
(0.02) 
24.9 
(0.10) 
24.5 
(0.07) 
24.9 
(0.07) 
25.4 
(0.04) 
26.7 
(0.08) 
25.9 
(0.07) 
26.0 
(0.08) 
26.4 
(0.03) 
26.0 
(0.22) 
26.1 
(0.16) 
26.3 
(0.20) 
26.6 
(0.07) 
a: Composite Index of Anthropometric Failure (Underweight or Stunted or Wasted); b: other backward caste was considered as general in 1992  
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